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SEDIMENTATION AND VISCOSITY STUDIES OF BOVINE 
SERUM ALBUMIN IN UREA SOLUTION! 


By P. A. CHARLWooD 


ABSTRACT 


Sedimentation and viscosity measurements were made on bovine serum 
albumin during denaturation at pH 9.9 in 8.0 M urea in the presence of sodium- 
loromercuribenzoate. The results suggested that the urea caused a rapid initial 
increase in the axial ratio and equivalent volume of the protein molecule. A 
subsequent slower increase in asymmetry was attributed to the effect of the 
mercury compound. 


INTRODUCTION 


The action of strong urea solutions on proteins is an example of “‘denatura- 
tion”, a subject recently reviewed by Putnam (34). For many proteins the 
primary change in denaturation is believed to be a rearrangement of the 
secondary-bonded structure (21, 34). At this stage molecular weight is un- 
altered (5, 35), but changes in molecular shape will occur. The present work 
was undertaken to study the gross changes which occur in the shape of the 
bovine serum albumin molecule in the presence of urea. 

The dynamic characteristics of a protein will reflect changes of molecular 
shape, but there are many difficulties involved in establishing the precise 
relation (13). To avoid some of these difficulties Scheraga and Mandelkern 
(39) related the observed characteristics of the protein molecule to a hypo- 
thetical ‘“‘hydrodynamically equivalent ellipsoid’, through a function, 8, 
which depends only on the axial ratio of the (prolate or oblate) ellipsoid. 

For the calculation of 8, accurate measurements of several quantities 
should be made (in the same solvent, under the same conditions) and extra- 
polated to infinite dilution of protein. One combination consists of the sedi- 
mentation constant, s, intrinsic viscosity, [n] (10), partial specific volume, 3, 
and molecular weight, M. From these characteristics 8 = Ns{n]'"yo 
/ M??(1—dpo), where 49 and po are respectively the viscosity and density of the 
solvent, and WN is Avogadro’s number. Recently Champagne (6) applied a 
similar method of Sadron (36). However, Sadron (36) attempted to attribute 
a portion of the equivalent volume to hydration expressed in terms of é, a 
procedure which Scheraga and Mandelkern (39) deprecate. 

Measurements of s and [n] made here have been used to follow the changes 
in 8 which occur when urea acts on bovine serum albumin in aqueous solution. 

1Manuscript received January 6, 1955. 
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Viscosity measurements under different conditions were made to obtain infor- 
mation about the intramolecular changes responsible for the alterations in 8. 


EXPERIMENTAL 


Stock solutions of bovine serum albumin (Armour, batch 66706) were made 
up, and their concentrations determined by diluting samples for measurements 
in the differential refractometer (4). A specific refractive increment of 0.00186 
(32) was assumed at the wavelength used (5890 A). 

Chemicals were reagent grade. Further purification of the urea was con- 
sidered unnecessary (42). It was, however, dried by heating im vacuo for six 
hours at 55°C. (16). The solvent used for the main group of experiments 
contained urea (8.0 M), sodium borate (borax) (0.05 M), and sodium p- 
chloromercuribenzoate* (0.005 M), the last constituent being added to prevent 
aggregation (15). The pH, measured on a Beckman model G pH meter, was 
about 9.9, varying slightly (+0.03) from batch to batch and with time for a 
given protein solution. In some experiments phosphate buffers (pH 7.0 and 
8.3, ionic strength 0.2) were used. 

In the main group of experiments series of measurements were made at 
each of six protein concentrations in the range 0.25—1.5%. The stock-solutions 
of protein and solvent were respectively 11 and 1.1 times the concentrations 
required in the mixture. Coarse sintered glass filters were used to eliminate 
dust. At the start of each series, the stock solutions were mixed. At intervals, 
samples were removed from the mixture for ultracentrifuge runs. In each series 
seven runs were made, extending to about six days after mixing. A standard 
schedule was followed so that, in corresponding runs at different protein 
concentrations, photographs were taken at the same time after mixing. 
Replicate mixtures were used to avoid the necessity of doing runs during the 
night. Concurrently with the ultracentrifuge runs, viscosity measurements 
were made every 30-60 min. in triplicate, extending to about 27 hr. after 
mixing. Different viscosimeters contained the various replicate mixtures, so 
that each relative viscosity — time graph was composite, providing information 
on reproducibility. 

A slight opalescence developed in the mixtures at pH 9.9 after 24 hr., more 
particularly at the higher protein concentrations. One solution (1% protein) 
was left standing for a week. Some gross particles were removed by passage 
through a coarse sintered glass filter, and part of the filtrate was centrifuged 
in the preparative ultracentrifuge. Comparative viscosity measurements were 
made on the solution which was centrifuged and that which was not. Some of 
the centrifuged solution was dialyzed exhaustively against 0.2 ionic strength 
phosphate buffer (pH 7.0), and examined in the analytical ultracentrifuge. 

A solution of about 1% bovine serum albumin, 8.0 M urea, 0.2 ionic strength 
phosphate buffer (pH 8.3), and 0.00015 M PCMB, after three days at 25°C., 
was redialyzed against phosphate buffer (pH 7.0, ionic strength 0.2) containing 
0.00015 M PCMB. Sedimentation and viscosity measurements were made 
using this protein solution and several dilutions of it (in the same buffer). 
Similar measurements were made on albumin not exposed to urea. 


*This will be referred to subsequently as PCMB. 
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Various viscosity experiments were done in urea at several PCMB concen- 
trations, at a lower pH (8.3), and in the presence of silver nitrate. Additional 
measurements were made in 0.005 M PCMB at pH 9.65 in the absence of 
urea. 

Sedimentation constants were measured at 59,780 r.p.m. in the Spinco 
ultracentrifuge in the usual way (7). The 3-mm. cell was employed for protein 
concentrations above 0.9%, the 12-mm. cell for the rest. Eight photographs 
were taken at 16-min. intervals during each run. Because of the slow separation 
of the peak from the meniscus, the first exposure could not be made until the 
rotor had been at top speed for about an hour. Since even a slight leak would 
introduce a large relative error in the distance moved by the peak, the position 
of the meniscus was determined with particular care during measurement of 
the photographs. The rotor temperature immediately prior to each run was 
adjusted so that the rise of about 2°C. during the run ensured a mean tem- 
perature of approximately 25°C. The temperature at the middle of the time 
interval between first and last exposures was estimated in the manner of 
Kegeles and Gutter (22), taking into account the 1°C. correction indicated by 
Waugh and Yphantis (44) and Biancheria and Kegeles (3). Sedimentation 
constants were corrected to water at 20°. The viscosity of solvent, rather than 
solution, was used (20, 24). Solvent density, determined from weighings of 
the volumetric flask used, agreed closely with that expected from the data 
of Gucker, Gage, and Moser (17). As urea solutions have no exceptional 
compressibility (33), no correction was applied for this. 

Viscosity determinations were made in Ostwald-Fenske type viscosimeters 
(ASTM No. 100), giving a flow time of 70-120 sec. at the temperature of the 
thermostat (25.1°C.). In experiments not involving urea, ASTM No. 50 
viscosimeters were used to keep the flow times sufficiently long. The ratio of 
flow times for protein solution and solvent was taken as the relative viscosity 
(10). However, for measurements in the absence of urea, when the relative 
viscosity was low, the effect of the protein on the solution density was. taken 
into account. 


RESULTS 


In the main group of sedimentation measurements, values at finite concen- 
trations decreased with time (Table I). The concentration dependence (Table 
I) was several times greater than for the original albumin (22). Regression 
lines were calculated at each time, the intercepts giving the extrapolated 
values shown in Table II. The mean deviation of points from these lines 
amounted to about 1.7%, and about 15% of the points showed deviations of 
over 3%. These unusually large errors were probably due to the small distances 
moved by the boundaries in the rather viscous and dense solvent. For two 
reasons, the points were not weighted in the calculation of the regression 
lines. Firstly, the greater sharpness of the maxima of peaks at the higher 
concentrations was less pronounced when the short cell was used. Secondly, 
the boundaries moved more rapidly at lower concentrations. 

Viscosity measurements in the main group were plotted as reduced viscosity 
(10), mrea, against time at each protein concentration. The derived curves, 
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TABLE I 


SEDIMENTATION CONSTANTS OF BOVINE SERUM ALBUMIN AT pH 9.9 1n 8.0 M urea, 0.005 M 
PCMB, 0.05 M Borax 








Protein concentration (gm./100 ml.) 





Time after mixing 








(min.) 0.245% 0.497% 0.728% 0.967% 1.20:% 1.457% 
150 2.48 2.41 2.36 2.10 1.95 1.85 
388 2.43 2.31 2.10 1.95 1.83 1.73 
622 2.34 2.30 2.06 1.97 1.81 1.67 
960 2.38 2.28 2.00 1.96 1.76 1.64 
1290 2.33 2.18 1.97 1.91 1.78 1.57 
1636 2.41 2.25 1.94 1.92 1.68 1.63 
8798 2.29 2.04 1.79 1:51 1.55 1.32 
Note: Measurements were made at about 25°C. All values are corrected to water at 20°C. and 


expressed in Svedberg units. 


TABLE II 
AXIAL RATIOS AND VOLUMES OF EQUIVALENT ELLIPSOIDS FOR BOVINE SERUM ALBUMIN 











Time Scow [n] Axial Ve 
(min.) (Svedbérg (gm./100 8X 10-* ratio, x10" 
units) ml.)-! a/b (ml.) 
Untreated albumin in 
phosphate buffer, pH 
7.0, ionic strength 0.2 4.40 0.042 2.15 2.6 1.4 
Albumin in 8.0 M urea, 150 2.67 0.208 2.22 4.6 4.3 
borate buffer, pH 9.9, 388 2.57 0.241 2.24 5.2 4.3 
plus 0.005 @M PCMB 622 2.52 0.261 2.26 5.8 4.1 
960 2.54 0.278 2.32 7.5 3.3 
1290 2.47 0.293 2.30 7.0 3.8 
1636 2.53 0.305 2.39 9.2 Ay 
8798 2.40 
Recovered albumin in 
phosphate buffer, pH 
7.0, ionic strength 0.2, 
plus 0.00015 M PCMB 4.62 0.041 2.24 5.2 0.8 





which resembled those obtained at 30°C. by Frensdorff, Watson, and Kauz- 
mann (15), were of the same type as obtained in the presence of silver (Fig. 4, 
upper curves). A few points fell so far off the curves as to indicate errors of 
+0.3 sec., but usually the deviations were much smaller. 

From the viscosity curves values of neq were read at times corresponding 
to the middle of the ultracentrifuge runs. These figures were plotted as nreq 
against protein concentration at six different times (Fig. 1). Regression was 
linear within experimental error, the deviations of points at the lowest con- 
centration corresponding to a systematic difference of only 0.1 sec. Extrapola- 
tion to zero protein concentration showed the intrinsic viscosity increasing with 
time (Fig. 1 and Table II). The slopes of the lines also increased steadily 
with time, indicating increased intermolecular influences. In the fitting of 
the regression lines shown, weights were assigned to the points, based approxi- 
mately on the relative errors in req produced at different concentrations by 
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Fic. 1. Reduced viscosity of bovine serum albumin after various times at pH 9.9 in 8.0 
M urea, 0.05 M borax, 0.005 M PCMB. 





the same absolute error in timing. Experiments in which the head was varied 
confirmed that flow was Newtonian. 

In the calculations of 8 from s2o,w and [n], 0 was taken as 0.734 (12) and M 
as 66,000 (see Discussion). In urea solution, 8 increased with time (Table II). 
Since the first six values of s2o,w in urea solution did not show a statistically 
significant trend, this increase was due to the rise in intrinsic viscosity. How- 
ever, when the value at 8798 min. was included, the whole series showed time 
dependence (p ~ 0.02). 

In each series of ultracentrifuge runs (except the one at the highest con- 
centration) the areas under the peaks showed no measurable decrease. The 
peaks showed no obviously abnormal degree of spreading, although no quanti- 
tative measurements of the spread were attempted. There was only a very 
slight difference in viscosity between the sample from the preparative ultra- 
centrifuge and that which was not centrifuged. This evidence indicates that 
the material responsible for the opalescence is rendered insoluble without 
prior formation of soluble aggregates. 

Removal of urea by dialysis against pH 7.0 phosphate buffer caused exten- 
sive aggregation. There was some precipitation, and the ultracentrifuge 
revealed an asymmetric peak which moved several times faster than normal, 
and spread quickly. In the absence of PCMB, urea caused s to increase with 
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time and the boundary spread rather rapidly (cf. 34). The material recovered 
from solution in 8.0 M urea, 0.00015 M PCMB at pH 8.3 gave a clear solution 
on redialysis. In pH 7.0 phosphate buffer in the ultracentrifuge it gave one 
peak moving only slightly faster than normal (Table II). There was a trace 
of a heavier component, but no more than in the untreated albumin. 

Under all conditions 8.0 M urea caused a rapid initial increase in the viscosity 
of bovine serum albumin. Subsequent behavior depended on the composition 
of the solution. At pH 9.9 (in 0.05 M borax) there was always a slow secondary 
increase. At the protein concentration used, the minimum secondary effect 
occurred at about 0.0005 M PCMB (Fig. 2). At pH 8.3 (0.2 ionic strength 
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Fic. 2. Effect of PCMB concentration on the reduced viscosity of bovine serum albumin 
at pH 9.9 in 8.0 M urea, 0.05 M borax. Protein concentration 0.97%. 
phosphate) in 0.00015 1 PCMB (about one mole per mole of protein), the 
viscosity remained constant for a day after the initial increase (Fig. 3). At 
higher concentrations of PCMB there was a detectable secondary increase, 
illustrated in Fig. 3 by the behavior at 0.005 M. 

At pH 8.3 (phosphate buffer) one mole of silver nitrate per mole of protein 
prevented a secondary increase in viscosity. This increase reappeared in the 
presence of 0.005 @ PCMB (Fig. 4). At pH 9.9 (borate buffer) silver nitrate 
failed to eliminate the secondary effect, either in the absence, or in the presence, 
of PCMB (Fig. 4). 

At pH 9.65 (borate buffer), in the absence of urea, 0.005 M@ PCMB caused no 
detectable variation in the viscosity of the protein solution over the course of 
48 hr. 
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Fic. 3. Effect of PCMB concentration on the time dependence of the reduced viscosity 
of bovine serum albumin in 8.0 M urea at pH 8.3 (0.2 ionic strength phosphate). Protein 
concentration 0.97%. 
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Fic. 4. Reduced viscosity of bovine serum albumin in 8.0 M urea with one equivalent of 
silver nitrate added. Protein concentration 0.97%. 


DISCUSSION 


As Scheraga and Mandelkern (39) emphasized, quite high experimental 
accuracy must be attained for successful application of their method, as axial 
ratio is critically dependent on 8. It is evident, from the discrepancies between 
measurements on the same protein by different workers, that such accuracy 
is uncommon in available data. It was hoped to circumvent this problem by 
choice of suitable conditions, and by the use of a series of comparative meas- 
urements. 
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The solvent used was chosen because the work of Frensdorff, Watson, and 
Kauzmann (15) showed that req would be reasonably high, and would give 
measurable variations with time. 

Although it is known that crystalline bovine serum albumin contains 
impurities of higher molecular weight (1), similar or other important objections 
could be raised to the use of alternative proteins. Moreover, as this albumin 
has been widely studied, it presented some advantages. Recent determinations 
of M by independent methods have given 65,400 (11), 66,100 (26), and about 
66,000 (18) and for human albumin 65,600 (25). If the 1°C. temperature 
correction is applied to the sedimentation measurements of Creeth (11), and 
the most recent value of 3 (12) substituted for that he used, the value of M@ 
is increased, but only slightly. In the calculations in the present paper M was 
taken as 66,000. 

Since no method presented itself for following possible changes in molecular 
weight, conditions were chosen under which there is believed to be little 
alteration (5). Incorporation of PCMB in the solution should not only prevent 
much aggregation (15), but also help to prevent autoxidation, which might 
otherwise occur at pH 9.9 (27). At a concentration of 0.005 M, this reagent is 
equivalent to albumin present at about 1.1%, even if all the sulphur in the 
protein were to exist in the form of —SH groups. 

Although enhanced intermolecular influences were evident from the magni- 
tude of the concentration dependence of s (Table I; cf. 22 for native albumin), 
any aggregation must have been slight in extent, as there was no curvature 
of the nreq regression lines (Fig. 1; cf. 15). Extrapolation to zero concentration 
should eliminate complications introduced by intermolecular effects, including 
any aggregation. The values of 8 should, therefore, not contain errors due to 
these causes. 

According to Frensdorff, Watson, and Kauzmann (14), the ionic strength 
of the borax is high enough to suppress anomalies in viscosity measurements. 
There is no curvature of the sedimentation regression lines to suggest that 
the ionic strength was not sufficiently high for these experiments. In any case, 
extrapolation should eliminate any small anomalies which persist. 

Since s, when measured at finite concentrations, decreases with time (Table 
I), the usual method of computation is not strictly accurate. Analogous 
problems have been recently discussed. Schwert (40) has considered the effect 
of increasing temperature, and Alberty (2) the effect of variations in s due to 
concentration changes in the ultracentrifuge cell. A treatment similar to that of 
Alberty (2), based on a Taylor expansion, showed that the errors involved in 
using the ordinary method of calculation were negligible. This conclusion 
was not surprising, because the total variation of s during a run (from all 
causes) was never more than double the error of a determination, and there 
was no significant curvature of the log x vs. ¢ lines. 

Several points relating to ultracentrifuge measurements were discussed 
earlier (7, 8). One very important factor, which influences the values of 8, is 
the density factor, ip. This has been discussed by Longsworth (24) and by 
Schachman and Lauffer (37). The magnitude of 8 in urea solution (Table IT) 
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is consistent with the assumption that @ in these solutions is not greatly differ- 
ent from normal (29). The trend of 8 would be the same even if were different. 
Only a decrease of 6 with time in urea solution might invalidate the con- 
clusions. 

In so far as the bovine serum albumin molecule may be identified with the 
equivalent ellipsoid, the results suggest that initial exposure to the urea 
solution increases both the axial ratio and the volume of the protein molecule. 
Subsequently the axial ratio continues to increase with time, but the volume 
may decrease. This secondary change may be due to the PCMB. Frensdorff, 
Watson, and Kauzmann (15) have suggested that under alkaline conditions 
intramolecular —S—-S— bridges undergo some hydrolysis, liberating —-SH 
groups. Reaction of these with PCMB would accentuate the splitting and 
produce a more extended molecule. 

The secondary increase which occurs in the viscosity of bovine serum 
albumin in urea solution (in the absence of inhibitors) was ascribed by Hospel- 
horn, Cross, and Jensen (19) to aggregation resulting from a chain reaction. 
Ultracentrifuge experiments under these conditions also strongly suggested 
aggregation (see Results). The chain reaction was believed to be initiated by 
the free —SH group of the albumin molecule. At pH 8.0 (phosphate buffer) 
Hospelhorn, Cross, and Jensen (19) found that incorporation of one or two 
equivalents of silver nitrate in the urea solution eliminated the secondary 
increase in viscosity. This they ascribed to the blockage of the free —SH 
group. 

The effects of one equivalent of silver nitrate and one of PCMB were similar 
at pH 8.3 in phosphate buffer (Figs. 3, 4). Probably, therefore, the PCMB 
under these conditions merely blocks the free —SH group. Much higher 
concentrations of PCMB restored the secondary increase (Figs. 3, 4), pre- 
sumably by splitting the —S—S— bridges, as discussed above.. 

The failure of silver nitrate at pH 9.9 (borate buffer) to prevent the second- 
ary effect (Fig. 4) might be accounted for by some hydrolysis, either of the 
silver derivative or of the —S—S— bridges. Both processes would liberate 
—SH groups capable of starting aggregation. The further increase in viscosity 
at pH 9.9 when PCMB was also incorporated (Fig. 4) could be due to its 
effect on the splitting of the —S—S— bridges. 

To account for the shape of the curves in Fig. 2 it may be assumed that at 
very low molarities there is insufficient PCMB to block all —SH groups, 
and aggregation can occur. As the concentration increases, there is enough 
to react with the —SH groups, and to promote the splitting of —S—S— 
links, causing an increase in viscosity. The minima in the curves of Fig. 2 
will occur when aggregation has been largely suppressed, but the concentration 
of PCMB is not yet great enough to exert much influence on the hydrolysis 
of the intramolecular —S—S— links. The lack of effect of PCMB in the 
absence of urea seems to indicate that it can act only after a preliminary 
opening up of the protein molecule. All the phenomena are thus explicable in 
terms of the complementary propositions of Frensdorff, Watson, and Kauz- 
mann (15) and Hospelhorn, Cross, and Jensen (19). 
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The basis of the concept of Scheraga and Mandelkern (39) has been chal- 
lenged (43) on the grounds that the sedimentation constant and intrinsic 
viscosity of an actual protein (bovine serum albumin being quoted as a 
possible example) might lead to a value of 8 less than 2.12 (10°), which is 
inconsistent with the theory. The sedimentation constant used by Tanford 
and Buzzell (43) does not include the 1°C. correction. Careful determination 
of the intrinsic viscosity (Table II) gave 0.042, in agreement with 0.042 
obtained by Oncley, Scatchard, and Brown (31) and 0.041; by Koening and 
Perrings (23). Using 0.042 for [n] and increasing s to 4.4 units in the data 
used for computing 8 gives 2.15 from sedimentation and viscosity, or 2.13 
from diffusion and viscosity. The example given by Tanford and Buzzell (43) 
does not, therefore, provide unequivocal verification of their general hypothesis. 
Nevertheless, a quantitative theoretical investigation of their ideas is highly 
desirable. 

Scheraga and Mandelkern (39) applied their theory to measurements by 
Neurath and Saum (29) of the viscosity and diffusion of horse serum albumin 
in the presence of urea (pH 5.2). They remarked that 8 values obtained, 
1.98-2.07, were within experimental error of 2.12, but that a value of 2.23 for 
the native protein was not. These conclusions seem inconsistent. Moreover, 
it has been suggested (35) that an empirical correction factor should be applied 
to diffusion: measurements made in solutions of high viscosity. Recently 
Scheraga et al. (38), using diffusion and viscosity data, calculated 6 = 2.15 
(+0.10) and 2.35 (+0.07) for untreated and urea-denatured fibrinogen 
respectively. They did not regard these figures as differing significantly, in view 
of the probable errors shown in brackets, and were of the opinion that their 
results did not provide evidence of any gross unfolding on denaturation. 

Ogston (30) and Shulman (41) have compared the method of Scheraga 
and Mandelkern (39) with earlier, more conventional ones. Agreement in 
some instances was poor. Generally, lower axial ratios (and higher equivalent 
volumes) were given by the newer theory. This is only to be expected, because 
the older methods are based on assumptions which may sometimes be far 
from correct (39). 

It has been suggested (21) that the molecules of bovine serum albumin 
denatured in urea may approximate to random coils rather than to rigid 
ellipsoids. For flexible chain molecules forming a random coil, Mandelkern 
and Flory (28) gave a treatment similar to, but not identical with, that of 
Scheraga and Mandelkern (39). They deduced that a function #'“P-, which 
is formally the same as 8, should be constant. The value they found experi- 
mentally for this constant was about 2.5 (10°). Although 8 (Table II) does 
not become as large as this, it is increasing, and might well attain 2.5 at later 
times. Thus, although the results quoted are consistent with the ellipsoidal 
model, it is possible that at later times a random coil might be a better ap- 
proximation. If that is so, the actual shape of the molecule will probably 
combine some characteristics of both types, the relative importance altering 
with time. 
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It appears from the viscosity experiments that the first, rapid change in 
the protein is due to the urea, but the secondary change is brought about by 
the combined action of the urea and PCMB. The recovered albumin had been 
submitted to conditions in which only the first type of change occurred. 
The figures (Table II) show that the molecule returned to a more symmetrical 
shape, but was less symmetrical than untreated material. 

The general conclusion from this work is that the Scheraga—-Mandelkern 
(39) theory gives a very reasonable account of the changes observed. Chernyak 
and Pasynsky (9), using figures for the adsorption of urea by horse serum 
albumin as a measure of solvation, attempted to evaluate the relative contri- 
butions of volume and shape changes to the observed viscosities of the protein 
in urea solutions. Their method is based essentially on the older type of 
treatment. Moreover, since they used a different albumin under different 
conditions, no comparison can be made with the present results. 
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INTERNAL ROTATION 
VIII. THE INFRARED AND RAMAN SPECTRA OF FURFURAL! 


By G. ALLEN? AND H. J. BERNSTEIN 


ABSTRACT 


The Raman spectrum of furfural has been obtained photoelectrically in the 
liquid over a temperature range of 50° and in solution. The infrared spectrum 
has been obtained for the solid, the liquid (over a temperature range of 90°), 
and in dilute solution over a 50° temperature range. The vibrational spectrum 
is interpreted in terms of an equilibrium mixture of two rotational isomers with 
planar configuration. The isomer with higher electric moment is the more stable 
form in the liquid and in the solid. 


Mirone (5) has summarized the observed Raman and infrared data for 
furfural in a recent article and reported intense doublets at 2800, 1670, 1420, 
and 1370 cm~. Further, for solutions of furfural in organic solvents the 
distribution of intensity in the doublets at 1670 cm. and 1470 cm. is a 
function of concentration and is also dependent on the particular solvent 
used (5). This indicates that the doublets arise in one of three ways. A doublet 
arising from a Fermi type of resonance interaction might behave in this 
manner, on the other hand these observations could be interpreted in terms 
of the existence of two rotational isomers. Another alternative is that the 
doublets might occur because of the high degree of association usually en- 
countered in this type of compound. We have established that there are at 
least four doublets in the infrared and Raman spectra of furfural which 
behave in a similar manner for temperature and environmental changes and 
find that the spectrum can best be explained in terms of the existence of two 

O O 
rotational isomers T Veg and wE< . Conjugation of the 
VW Na VW O™a . 
carbonyl group with the furane ring will exclude nonplariar configurations. 


EXPERIMENTAL 


Purification of Furfural 

Furfural was purified by distillation through a Stedman column to give a 
colorless oily liquid (b.p. 160° C.). The pure compound oxidizes to a yellow 
liquid when in contact with air. In the 30 min. required to obtain a Raman 
spectrum no appreciable change in color was observed, but if the furfural was 
irradiated over a period of an hour the liquid became amber in color. The 
NaNO: filter used in obtaining the Raman spectra retarded the discolorization. 
Pure furfural could be kept in vacuo for a period of days before becoming 
colored. 

1Manuscript received January 11, 1956. 

Contribution from the Division of Pure Chemistry, National Research Council, Ottawa. Issued 
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* National Research Council Postdoctorate Research Fellow, 1952-19654. 


1055 








1056 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 


The Raman spectra were recorded photoelectrically (cf. Fig. 1) using a 
White spectrometer (8). Depolarization ratios (p) were obtained by the 
method of Edsall and Wilson (3) and corrected for convergence by the method 
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Fic. 1. Raman spectrum of furfural. 


of Rank and Kagarise (7). These data are recorded in Table I. Scattering 
coefficients (S) referred to the 458 cm. band in CCl, and corrected for con- 
vergence error, viz.:— 


S = I/Iuss . car/ous X [(1+ pass) /(1+ pore) ], 


have been obtained for the Raman bands in the mixture of the two isomers of 
furfural. In the expression (1) for S, J is the integrated intensity and oa, is 
the spectral sensitivity of the photomultiplier tube at the wavelength corre- 
sponding to a Raman shift Av. Standard Raman intensities per molecule 
could not be obtained since it was not possible to obtain a Raman spectrum 
of a pure sample of one isomer. The temperature dependence of the Raman 
spectrum has been studied over a range of 10—60° C. for the pure liquid. The 
Raman spectra of 25, 50, and 75% solutions of furfural in CCl, were also 
obtained to determine the effect of the dielectric constant of the medium on 
the relative concentration of the two isomers (cf. Fig. 1). 

The infrared spectra were obtained with a Perkin-Elmer Model 12C spec- 
trometer. The infrared spectrum of the pure liquid at 20° C. and of the solid at 
~-—70° C. were investigated in the region 3000-700 cm.—! using LiF, CaFs, 
and NaC] optics. The results are shown in Fig. 2 and Table I. The temperature 
dependence of the intensity of the infrared doublet at 2800 cm.—! was studied 
over a range of 20-70° C. for a 0.001 M solution of furfural in CCl, and over 
a range of 20-110°C. for a thin film of the pure liquid (cf. Fig. 3). The 
temperature dependence of other doublets could not be studied accurately 
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TABLE I 
INFRARED AND RAMAN SPECTRUM OF FURFURAL 




















Raman Infrared 
Liquid¢ Liquid? Solid¢ Approximate —_Isomer 
character 
Wave - 
No. Ptrue S Wave No. 
-~~3160 m 
3150 0.22 0.34 3140 s 3135 m You, Ting B 
3127 0.80 0.15 -~3120 m 
3107 0.48 0.11 3090 s ¥cn, Ting A 
~3060 m 
~3030 
2858 0.46 0.04 2854 m 2856 m vcn, aldehyde A 
2813 0.46 0.04 2817m ~2814 vou, aldehyde B 
1693 ~0.55 3.60 ~1690 s ~1695 B 
1676 ~0.50 ‘ ~1675 s 1665 s ied A 
1572 0.65 0.32 ring vibration 
1479 0.44 2.49 1476s 1476s A 
1469 0.44 1466s ~1465 POn0 B 
~1440 
1397 | 0.50 1.02 1393 s 1393 s 
1371 0.37 1.39 1369 m 1363 m 
1340 ~0.01 
1328 ~0.01 
1280 ~0.01 1279 m 1281 m 
1244 B 
1226 ~0.5 0.11 1223 1226 A 
1206 ~0.5 ~0.03 
1160 0.44 {0 43 1159 ~1160 A 
~™1155 ~0.4 : 1157 B 
1081 0.82 0.18 1081 m ~1076 m 
1024 0.36 0.39 1020 s 1014s 
948 0.28 0.08 947 B 
932 0.20 0.24 930 m 930 m A 
885 0.85 0.13 884 884 
773 0.85 {o 10 ~ 770m 770s 5cH A 
756 0.85 . 755 s 756 s B 
630 ~0.86 0.03 
598 ~0.86 ~0.01 ring deformations 
505 0.32 0.31 
295 0.86 ~0.01 JO 
217 0.86 0.02 —C deformations 
166 ~0.86 0.07 \H 





Ss = strong, m = medium, unclassified infrared bands are weak. 
*Pure liquid at 27° C. (cf. Fig. 1) 

’Pure liquid at 20° C. (cf. Fig. 2) 

©Solid at ~ —70° C. 


because they were not well resolved and because of strong water vapor ab- 
sorption in the region where the most intense doublets occur. 

The infrared spectrum of solid furfural (Fig. 2) was obtained by condensing 
the vapor onto a transparent NaCl window which was suspended in vacuum 
and cooled externally. If the vapor at room temperature was condensed 
rapidly to a solid (No. 1) deposit then an infrared spectrum could be obtained 
which was similar to the spectrum of the liquid at room temperature. However 
if this solid No. 1 is allowed to melt the resulting liquid has a different spectrum 
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Fic. 2. Infrared spectrum of furfural. 
liquid at 20° C. - —-liquid at —37° C. 
— — — solid at —70°C. 





and the most noticeable changes occur in the intensity distribution within the 
doublets previously discussed. Fig. 4 shows these changes for the doublet at 
2800 cm. If the liquid is then cooled slowly a crystalline modification (solid 
No. 2) is obtained in which one component of the 2800 cm.—! doublet almost 
disappears (Fig. 4). The infrared spectrum of solid No. 2 is shown in Fig. 2 
and it is readily seen that other bands at 1690, 1466, 1244, 947 cm.—! disappear 
on solidification and the contours of the bands at 3100, 1369, 1160, and 
770 cm.—! undergo an appreciable change. 
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Fic. 3._ Temperature dependence of the 2800 cm.~! doublet in the infrared spectrum of 
furfural. Optical density scale for the pure liquid is twice that for the solution. 
Fic. 4. Infrared spectrum of furfural in the 2800 cm.—' region. 
(a) Solid No. 1 obtained by‘rapidly freezing the vapor. 
(b) Liquid obtained from melting solid No. 1. 
(c) Solid No. 2 obtained by slow cooling of liquid (0). 


DISCUSSION OF RESULTS 


Fermi resonance can be ruled out as a possible explanation for the doublets 
in the furfural spectrum since it is extremely unlikely that there would be so 
many (~6), and furthermore the intensity distributions in the doublets 
would not all have the same dependence on environmental changes (see for 
example the effect of dilution, Fig. 1, and solidification, Fig. 2). On the other 
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hand the type of behavior observed on solidification of furfural is well known 
for solids containing rotational isomers (2, 4). Further a mixture of rotational 
isomers could also account for the intensity changes observed on dilution. 
The spectra shown in Figs. 1 and 2 might also be explained in terms of 
molecular association. To exclude this possibility the temperature dependence 
of the doublet at 2800 cm.— was investigated for a dilute solution (~0.001 M) 
of furfural in CCly. The doublet has exactly the same contour at 20° and 70° C. 
and is shown in Fig. 3. The fact that both components of the doublet are 
intense at very high dilution and also the absence of any temperature de- 
pendence of intensity renders unlikely an explanation of the doublet in terms 
of molecular association. Molecular association would however be expected 
to broaden some bands which arise from vibrations in associating groups. 
The gross features of the Raman and infrared spectra can now be interpreted 
in terms of two rotational isomers (A and B) of furfural. From Fig. 2 the 
change in the infrared spectra on solidification indicates that the bands at 
2854, 1675, 1476, 1225, and 930 cm. belong to one isomer (A) and the bands 
at 2815, 1690, 1466, 1244, 947 cm.— belong to the other isomer (B). Configura- 
tions can be assigned to isomers A and B from a comparison of the Raman 
spectrum of the pure liquid with the Raman spectrum of a solution of furfural 
in CCl, (Fig. 1). The pure liquid has a dielectric constant of ~45 whereas the 
dielectric constant of a 25% solution in CCl, is in the region of 5-10, conse- 
quently the isomer with the larger dipole will be more stable in the pure liquid 
than in the solution (6). From Fig. 1 it will be seen that pronounced changes 
in the spectrum do occur when furfural is diluted with CCl,. The bands which 
do not disappear on solidification (isomer A) decrease in intensity and those 
which disappear on solidification (isomer B) increase in intensity. Hence 
isomer A is identified with the configuration having the higher dipole moment, 


H O 
viz. :— [ . eK and the configuration of isomer B is then U<, ‘ 


The intensities of the 2853 and 2815 cm.—' infrared bands were studied 
over a range of temperature in an attempt to measure the energy difference 
between the rotational isomers. No temperature dependence was observed 
for the vapor (10-110° C.), or for the 0.1% solution in CCl, indicating that 
the isomeric energy difference is small. A small temperature dependence was 
observed in the pure liquid for these bands over the range —37° to 110°C. 
corresponding to an energy of isomerization of the order of one kcal. This was 
confirmed in a qualitative manner for other doublets at 1680 and 1470 cm. 
in the Raman spectrum of the pure liquid. 

Some of the bands in the spectrum of furfural may now be assigned to the 
isomers A and B (last column of Table I) and the approximate character of 
the mode of vibration has been tentatively assigned in some cases. The identifi- 
cation of the doublet at 1380 cm.— is uncertain. From Fig. 2, the bands at 
1393 cm.— and 1363 cm.— in the solid may be assigned to the A isomer. The 
shift to 1369 cm.— in the liquid suggests that this band is a superposition of 
a band from A and one from B. This would account also for the change in 





ALLEN AND BERNSTEIN: INTERNAL ROTATION. VIII 1061 


relative intensity of the bands at 1371 cm.—! and 1397 cm.—! in the Raman 
spectrum of the CCl, solution (Fig. 1). A similar doubt exists for the doublet 
at 760 cm.—'; the intensity change on solidification is not very pronounced but 
it appears that the 770 cm.—' band belongs to the isomer A. The doublet 
observed in both the infrared and Raman spectrum at 1160 cm.— could be 
the y C—CHO mode since this would not be expected to be very different for 
the two isomers. In the vy CH region of the spectrum, the strong band observed 
at ~3140 cm.—' in the infrared spectrum of the liquid is associated with a y CH 
ring vibration in isomer B, the corresponding mode probably occurs at 
~3090 cm.—! in isomer A since this band increases in intensity on solidification. 
A shift in frequency is to be expected for the hydrogen stretching mode (of 
the ring) nearest to the aldehyde group. 

Finally it will be noticed that there is a small shift (~5 cm.—') for some 
bands in the spectrum of solid furfural. A tentative explanation for this is 
that the bands are unresolved doublets in which the positions change as the 
relative intensities of the bands change on solidification. 
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THE PHOTOLYSIS OF METHYL ETHYL KETONE! 


By P. AusLoos? AND E. W. R. STEACIE 


ABSTRACT 


Methyl ethyl ketone has been photolyzed at temperatures between 25° and 
240°C., at varying pressures and intensities. Azomethane has also been photo- 
lyzed i in the presence of methyl ethyl ketone. It is concluded that the ratio of 
disproportionation to recombination for a methyl and an ethyl radical is of the 
order of 0.04. The activation energy for the abstraction of hydrogen from the 
ketone by methyl is 7.4 + 0.1 kcal., and by ethyl it is 8.0 + 0.1 kcal. 


INTRODUCTION 


The purpose of the present work was to make a study of a system in which 
both methyl and ethyl radicals were present. Methyl ethyl ketone has therefore 
been photolyzed over a range of temperature. In addition, the photolysis of 
azomethane has been used to produce methyl radicals in the presence of 
methyl ethyl ketone. Because of the complexity of the system the results are 
not as clean cut as might have been hoped. The results do, however, furnish 
some interesting information on certain elementary processes. 

Several workers (11, 13) have investigated the photolysis of methyl ethyl 
ketone in the presence of iodine in order to determine the ratio of the two 
primary steps: 

CH;COC:;H;+/v — CH;CO+C:H;s (A) 
CH;COC:;Hs+/v — C:H;CO+CHs. (B) 


A gradual increase in the ratio A/B has been observed with decrease in wave 
length. At 3130 A the ratio is over 10, so that process (B) is not of much impor- 
tance. After the primary step the CH;CO and C:H;CO radicals may further 
decompose, either spontaneously by energy carried over from the primary 
step or by normal thermal decomposition. 

On the basis of previous work the following secondary reactions may be 
proposed to account for the noncondensable reaction products: 


CH;+CH;COC>H; any CH,+CH;COC:H, {1] 
C.H;+CH;COC:H; = C.Hs+CH;COC2H, [2] 
CH;+CH; — C:He [3] 
C:Hs+C:Hs — C2Hs+C2H, [4] 
C.H;+C:H; —e C.Hio [5] 
CH;+C.Hs — CH.+C:H, [6] 
CH;+C:Hs — C3Hsg. [7] 


It may be assumed that it is mainly secondary hydrogen atoms in the 
ketone which are abstracted by methyl or ethyl. Although the fate of the 
CH;COC-H, radical has not been investigated, it can safely be assumed by 


1Manuscript received January 20, 1955. 
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analogy with C,H;COC,H, that it may undergo one of the following reactions: 


CH;COC.H,+CH; an} CH;COC;H7 [8] 
CH;COC.H,.+C:H; => CH;COC,H, [9] 
2 CH;COC:H, <7 (CH;COC:H,): [10] 
CH;COC.H, — CH;+CH;CH=CO [11] 
CH;COC.H, o> CH;CO+C:H,. [12] 


At low temperatures other products may be formed from acetyl and pro- 
pionyl radicals. 


EXPERIMENTAL 


The apparatus has been previously described (5). The light source was a 
Hanovia S-500 medium pressure mercury arc. For the photolysis of azo- 
methane in the presence of methyl ethyl ketone a Corning filter No. 7380 was 
used to cut off radiation below 3400 A. For the photolysis of methyl ethyl 
ketone itself the full arc was used. 

The analysis of the products was done as described previously (5), both a 
mass spectrometer and a LeRoy—Ward still being used. 


RESULTS 


If methane, ethane, ethylene, propane, and butane are formed only by 
reactions [1] to [7], the following relationships exist: 
Ru = ke[CHs][C2Hs]+:[(CHs][K] 
Rg = k3(CHs]*+a[C2H5]*+R2[C2Hs][K] 





or 
k kikst R 
Ru = Rp+ P : ‘aa =, [K] [1] 
_ ka bay Rp ke » 3 
Re o- Rs+7>3 Re +23 Rz'[K] (11) 


where Ry, Re, Rp, and Rg represent the rates of formation of methane, 
ethane, propane, and butane, and [K] represents the concentration of methyl 
ethyl ketone. 


The Disproportionation and Recombination of Methyl and Ethyl 

Recent work on the photolysis of diethyl ketone (7, 9, 10) gives accurate 
information on the relative rates of reactions [4] and [5], i.e. k4/ks = 0.125. 
Whence, assuming reaction [12] to be negligible, 


ke/kr = (Rom1—0.125 Rp)/Re. (IIT) 


This relationship may be expected to be valid only at lower temperatures 
and higher intensities where reaction [12] is unimportant. 

The values calculated from equation [III] are given in the last column of 
Table I. The values of ke/kz increase at high temperatures, because of the 
occurrence of reaction [12]. They also increase at low temperatures. The low 
temperature increase is probably due to the occurrence of the reaction 


C:H;+CH;CO = C.H,+CH;CHO. [13] 
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TABLE I 
PHOTOLYSIS OF METHYL ETHYL KETONE 








Temp., Press., Time, Rate, cc./min. X104 kiks}/k7 ke/ks4 
Run °C. cm. min, X 10!3molecules™$ kg/k7 
co CHa C:Hs C:He CsHs CaHio cm.*/ 2 sec.~4 








1 26 4.95 1260 0.633 0.0855 0.134 0.248 0.287 0.645 0.64 0.53 0.185 
2 27 4.85 29 15.60 0.590 5.08 5.32 8.20 29.0 0.56 0.67 0.177 
3 28 3.40 30 5.65 0.227 1.78 1.93 2.60 9.85 0.695 0.79 0.192 
4 28 1.82 35 3.80 0.125 1.12 1.14 1.82 6.33 0.635 0.70 0.179 
5 79 5.15 40 31.2 4.25 2.00 7.60 13.2 10.25 3.25 2.32 0.051 
6 87 3.1 20 28.5 3.22 1.50 6.60 12.15 9.25 4.20 2.90 0.028 
7 88 6.2 12 53.0 8.10 2.77 13.15 20.8 15.0 4.15 3.33 0.043 
8 104 5.3 20 75.1 12.9 3.84 21.5 34.5 23.4 6.2 4.55 0.026 
9 110 5.0 110 13.15 4.64 0.553 3.85 3.55 2.23 7.4 5.35 0.077 
10 110 5.1 16 107.4 16.6 5.00 29.0 42.8 25.6 7.0 6.0 0.042 
11 114 5.5 20 58.0 13.0 2.11 15.65 20.5 11.9 7.7 5.75 0.030 
12 114 3.15 21 38.6 6.90 1.57 10.42 14.4 8.05 8.2 6.90 0.039 
13 130 5.0 16 98.0 22.0 3.80 25.9 32.5 20.5 12.4 9.90 0.038 
14 144 5.1 15 124.0 32.0 5.40 37.3 39.6 22.0 15.6 15.4 0.067 
15 144 5.15 30 44.8 18.2 1.75 13.65 11.6 7.00 17.0 12.85 0.076 
16 161 5.05 15 120.0 39.4 5.85 37.65 33.7 18.7 22.0 21.0 0.104 
17 174 5.25 20 107.0 45.0 4.48 34.5 27.0 16.0 30.0 24.2 0.092 
18 188 5.05 17 —‘:109.0 53.0 5.02 36.7 21.8 13.5 49.5 34.5 0.145 
19 203 4.9 25 86.0 49.3 4.35 31.25 13.0 7.95 55.0 43.5 0.260 
20 =«—215 5.1 18 113.0 60.0 5.70 4.43 14.20 11.95 74.5 56.2 0.295 
21 222 1.6 255 22.6 12.35 1.24 8.10 3.67 2.05 74.0 64.0 0.270 
22 234 2.25 30 56.0 29.5 2.89 18.81 8.00 4.66 97.0 78.0 0.287 





There is much evidence (2, 3, 4) for the analogous reactions 


CH;+CH;CO — CH,+CH:—CO 
and 
CH;CO+CH;CO — CH;CHO+CH,—CO. 
The analogous reaction 
C.:H;+C2H;CO ay C.H,.+C2H.CO 


will be of less importance since [CH;CO] > [C:H;CO]. 

In the range from 78° to 130°C. the ratio ke/k; remains approximately 
constant with a mean value of about 0.04. This value also is consistent with 
other aspects of the kinetics. It appears reasonably safe, therefore, to assume 
that ke/k7 is equal to 0.04 + 0.02. 

Wijnen (14) has recently investigated the photolysis of mixtures of 
CD;COCD; and C-HsCOC:Hs. For CD; and C:H; radicals he arrives rough- 
ly at the value ke/kz < 0.08 in agreement with the present results. 


The Abstraction Reaction CH;+CH;COC.H; — CH.+CH;COC.H, 

If the ratio ke/kz is known, it is possible to calculate kiks'/k:, and thus 
obtain some information about the abstraction reaction [1]. A value of 0.04 
has been used for ks/kz. As discussed above, there is some uncertainty in 
this value. However, except at high intensities and low temperatures, the 
methane formed by reaction [6] is negligible, and hence ke/k7 does not have to 
be known accurately. The only experiments in which this is not so are 2, 3, 
and 4. Since the results for these agree well with 1, further support is 
furnished for the value ke/kz = 0.04. 
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In Fig. 1, log kiks'/kz is plotted against 1/T. A good straight line is obtained. 
There are some indications of a deviation from linearity at room temperature. 
The results are not accurate enough, however, to establish this with certainty. 
From the slope of the Arrhenius plot in Fig. 1 a value of 7.4 + 0.1 kcal. is 
obtained for £i:+3£;—E;. Es and E; are almost certainly zero since they 
apply to radical combination reactions. Hence E; = 7.4 + 0.1 kcal. 














| i i i i - i | 





2.0 2.2 2.4 2.8 3.0 3.2 3.4 


2.6 
1/tx10° 


Fic. 1. The reaction of methyl radicals with methyl ethyl ketone. 
O Photolysis of methyl ethyl ketone. 
@ Photolysis of azomethane — methyl ethyl ketone mixtures. 


As a check on this value, azomethane was photolyzed in the presence of 
methyl ethyl ketone, using light of wave length greater than 3400 A. Under 
these conditions methane is also produced by 


CH;+CH;N:.CH; 6, CH,+CH;N.CH:2 [14] 
so that 
ki Ron,/Rogug —ku/ks[CH:N:CH3] 
ks) [CH;COC:Hs] 


The values of k14/ks? have been taken from an experimental plot for azometh- 
ane alone (1). The results for k:/k3' are given in the last column of Table II, 
and an Arrhenius plot is given in Fig. 1. The slope of the line corresponds to 
an activation energy of 7.4 + 0.1 kcal. Hence E, = 7.4 kcal., in exact agree- 
ment with the value obtained from the direct photolysis of methyl ethyl 
ketone. Some curvature is present in the plot at low temperatures, as is the 
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TABLE II 
PHOTOLYSIS OF MIXTURES OF AZOMETHANE AND METHYL ETHYL KETONE 

















Pressure, cm. Rate, cc./min. X 104 
Temp., Time, : 
e. Azo- Ketone min. Ne CH, C:Hs ki/kat 
methane x 10% 
26 1.6 2.73 50 13.4 0.87 12.0 1.20 
27 2.92 3.33 55 9.9 1.01 8.38 1.28 
28 3.05 3.78 148 4.06 0.70 2.92 1.36 
74 3.68 2.60 50 12.5 3.10 7.10 5.05 
74 2.65 a.01 50 9.13 2.87 5.04 5.30 
104 3.22 3.40 45 10.0 4.75 2.98 us 
138 3.55 2.80 40 27.6 12.4 5.50 26.4 
138 4.60 3.42 65 12.1 7.30 1.30 25.2 
175 2.68 2.52 25 18.7 11.9 2.22 50.0 
175 3.07 2.75 35 18.3 13.4 2.00 55.5 





case in the photolysis of methyl ethyl ketone alone. Analogous curvature has 
been found in the case of acetone, and has been ascribed (2) to wall reactions. 

In principle it should be possible to estimate k:/k34ks! from the displacement 
of the two curves in Fig. 1. In this way a value of about 1.8 was obtained. 
This is rather rough. However, itis of interest that a similar value (1.84), 
also rather rough, has recently been obtained (14) from the photolysis of 
mixtures of CD;COCD; and C:H;COC:2Hs. 

For comparison Fig. 1 also gives the results obtained in a previous investiga- 
tion for the reaction 


CH;+C:.H;COC.H; ——- CH,+C.H,COC2Hs. 


It will be seen that the curves are nearly parallel. Abstraction is, however, 
approximately twice as fast from diethyl ketone which contains two ethyl 
groups. 


The Abstraction Reaction C.H;+CH;COC2H; — C.He+CH;COC.H, 

It can be seen from equation [II] that it is possible to calculate ko/ks! if 
ku/ks and k7?/k3ks are known. It is probable that k4/ks is known with sufficient 
accuracy. The calculation is quite sensitive to the value of k7?/k3ks especially 
at low temperatures, and this is only known approximately. It can therefore 
be expected that the values of k2/ks' will be reliable at high temperatures, 
but uncertain at low temperatures. If the value of 1.84 is used for kz/kstks?, 
an Arrhenius plot of k2/ks? gives a reasonably good straight line at higher 
temperatures, but shows a downward break at low temperatures. A value of 
2.0 gives a good straight line over most of the temperature range. Results 
calculated in this way are given in Table I, and are plotted in Fig. 2. The curve 
leads to a value of E,—3E; = E, = 8.0 + 0.1 kcal. The uncertainty is, of 
course, somewhat greater than the stated precision because of the approximate 
nature of the calculation. 

In Fig. 2, results for mixtures of azoethane and diethyl ketone are also given 
for comparison. These apply to the reaction 


C.H;+C2H;COC:2Hs —> Ce.He+C:2H,.COC.Hs. [15] 
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Fic. 2. The reaction of ethyl radicals with methyl ethyl ketone. 





The activation energies of [5] and [15] are about the same but the steric factor 
appears to be twice as great for [15], as might be expected. 


DISCUSSION 


The above results clearly indicate that the ratio of the rate of dispropor- 
tionation to that of combination for a methyl and an ethyl radical is con- 
siderably smaller than the ratio for two ethyls, i.e. 


ke/kz ~ 0.04 
ki/ks = 0.125 + 0.01. 


All the reactions probably have activation energies of zero, so that the degree 
of exothermicity is not the rate determining factor. This is confirmed by the 
above results where the most exothermic disproportionation reaction gives 
the smallest ratio. 

There are a number of other cases, which are similar in that the more 
exothermic disproportionation reaction appears to occur to the smaller 
extent. Thus for the reactions (2) 


CH;CO+CH;CO — CH;CHO+CH.CO [16] 
CH;CO+CH;CO — CH;COCOCH; [17] 
CH;+CH;CO — CH;COCH; [19] 


the ratio kis/kiy is apparently considerably less than ki¢/k17, although reaction 
[18] is considerably more exothermic than [16]. 
Similarly for the reactions 


CH;CH:CH:+CH;CH.CH;: — CH;CH:CH;+CH;CH=CH, [20] 
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CH;CH2CH.+CH;CH2CH:2 — CeHia [21] 
CH;CHCH;+CH;CHCH; — CH;CH.2CH;+CH;CH=CH, [22] 
CH;CHCH;+CH;CHCH; > CeHus [23] 


koo/ke: has been found to be in the range 0.1 to 0.17 (6, 12) while k22/ko3 is 
about 0.5 (6, 8) although [20] is more exothermic than [22]. 

It is possible to explain all these cases on purely steric grounds if it is 
assumed that the rates of the recombination reactions are not greatly different. 
There is definite evidence (7) that the rates of recombination of methyl and 
of ethyl radicals are not greatly different. Also, it can be shown from the 
present data at 114°C., where acetyl will be almost completely decomposed, 
that after correction for C2:H. formed by abstraction, the relative amounts of 
ethane, propane, and butane are very nearly in the ratio 1:2: 1 as would be 
the case if the rate constants for all three recombination reactions were 
equal. 

We will therefore assume that the differences in the ratio of disproportiona- 
tion to recombination are mainly to be ascribed to the disproportionation 
reactions. In reaction [6] there are three primary hydrogens in the ethyl 
radical which may be abstracted in the disproportionation reaction, while in 
reaction [4] there are six. On this basis [4] may be expected to be of the order 
of twice as fast as [6]. Similarly one would expect [16] to be faster than [18] 
in the ratio 6/3, and [22] to be faster than [20] in the ratio 12/4. While this is 
all very rough and somewhat naive it does explain rather puzzling results in 
all three cases. 

The difference in activation energy between the abstraction reactions [1] 
and [2] amounts to 0.6 + 0.2 kcal. This is the same as the difference previously 
found for the corresponding reactions of diethyl ketone. 
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THE STRUCTURE AND PROPERTIES OF 
DL-1,2-O-CYCLOHEX YLIDENEGLYCEROL' 


By A. J. E. Porck? anp B. M. Craic 


ABSTRACT 


DL-1,2-O-Cyclohexylideneglycerol was prepared by reacting cyclohexanone 
and glycerol in the presence of sulphuric acid. It is miscible with all common 
organic solvents and is slightly soluble in water. It is not affected by hydrogeno- 
lysis at 25°C. over palladous oxide at 50 p.s.i. for 24 hr. The pL-1,2-O-cyclo- 
hexylidene-3-O-p-nitrobenzoylglycerol is readily cleaved by mineral acids to 
yield 3-O-p-nitrobenzoylglycerol. Proof of the 1,2 ketal structure was obtained 
by (a) preparation of the monomethyl derivative, acid hydrolysis, and periodic 
acid oxidation of the resultant 1-monomethyl ether of glycerol and (6) treatment 
of the tosyl derivative with sodium iodide which gave a 93% yield of sodium 
p-toluenesulphonate. 


O-Cyclohexylideneglycerol was first prepared by Kiihn (3) in 1940 but the 
structure was not established. The compound was most likely a 1,2 ketal 
similar to DL-1,2-O-isopropylideneglycerol. Since O-cyclohexylideneglycerol 
can be prepared readily in large quantities it seemed desirable to investigate 
the structure and the chemical properties to evaluate the compound as a 
possible starting material for the synthesis of glycerides. 

O-Cyclohexylideneglycerol was prepared in 58% yield by reacting glycerol 
with cyclohexanone in the presence of sulphuric acid. It is miscible with all 
common organic solvents, slightly soluble in water, and is not affected by 
catalytic hydrogenolysis at 25°C. over palladous oxide-at 50 p.s.i. for 24 hr. 
It is readily cleaved by mineral acids. 

Evidence of the 1,2 cycloketal structure was obtained by preparation of 
the monomethyl derivative and subsequent acid hydrolysis. Periodic acid 
oxidation of the resultant monomethylglycerol showed consumption of 1 mole 
of oxidant. The DL-1,2-O-cyclohexylidene-3-O-p-toluenesulphonylglycerol was 
prepared and reacted with sodium iodide in acetic anhydride at 100°C. 
Sodium p-toluenesulphonate was obtained in 93% yield and constituted 
proof that the tosyl group was at a terminal position in the glycerol. DL-1,2-O- 
Cyclohexylidene-3-O-p-nitrobenzoylglycerol was prepared and the ketal was 
cleaved with dilute sulphuric and dilute hydrochloric acids to give 1-O-p- 
nitrobenzoylglycerol in yields of 70 and 73% respectively. 

The pDL-1,2-O-cyclohexylideneglycerol appears to be similar to DL-1,2-O- 
isopropylideneglycerol and could be used in glyceride synthesis. It offers 
an advantage in the ease of preparation. 


EXPERIMENTAL 
(1) DL-1,2-O0-Cyclohexylideneglycerol 
A mixture of 665 gm. (700 ml.) of anhydrous cyclohexanone, 330 gm. 
(262 ml.) of anhydrous glycerol, and 46 ml. of concentrated sulphuric acid 


1Manuscript received January 4, 1958. 
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was shaken at room temperature for 20 min. Anhydrous CuSO, (160 gm.) 
was added and shaking was continued for 30 min., whereupon the mixture 
was filtered by suction. The filtrate was dissolved in 400 ml. of ethyl ether 
and was stirred vigorously with a solution of 200 gm. K2CO; in 3000 ml. of 
water for 30 min. The ethereal layer was separated, washed once with water, 
and dried over anhydrous K2CQ;. After evaporation of the ether the product was 
distilled in a Podbielniak Heligrid distillation column to yield 360 gm. (58% 
of the theoretical amount) of analytically pure ketal, b.p. 137° at 17 mm., 
252° at 714 mm., 25 = 1.47645, reported b.p. 133-135° at 15 mm. (38). 

The DL-1,2-O0-cyclohexylideneglycerol is miscible with all common organic 
solvents. It is soluble in water at 26°C. to the extent of 6.5% and the solu- 
bility of water in the cyclohexylideneglycerol at 26°C. is 30%. 

The ketal is stable to hydrogenolysis by catalytic hydrogenation at 25°C. 
over palladous oxide at 50 p.s.i. for 24 hr. with methanol as a solvent. 

(2) pL-1,2-O-Cyclohexylidene-3-O-p-nitrobenzoylglycerol 

p-Nitrobenzoyl chloride, 43.2 gm., was added to a solution of 40 gm. of 
DL-1,2-O-cyclohexylideneglycerol in 200 ml. of anhydrous pyridine. The 
mixture was shaken at room temperature for 18 hr., poured into 1000 ml. of 
ice water, and stirred. The crystals were filtered off, dried in a desiccator, 
and recrystallized once from n-butanol. Yield, 50 gm. (67% of the theoretical 
amount). Further recrystallizations from ethanol, Skellysolve ‘‘B’’, and 
methanol gave the pure compound, m.p. 49.5-50.0°C. (stout prisms with a 
slightly yellow color). Analysis for CisHigOsN: C, 59.92%; H, 5.99%; N, 
4.35%. Calc. for C,.59.80%; H, 5.96%; and N, 4.36%. 

The compound is very soluble in acetone and chloroform, soluble in meth- 
anol, benzene, ethanol, and carbon tetrachloride, slightly soluble in ethyl 
ether, and nearly insoluble in water. 

(3) DL-1,2-O-Cyclohexylidene-3-O-methylglycerol 

Acetone, 1500 ml., and pDL-1,2-O-cyclohexylideneglycerol, 200 gm., were 
placed in a 3 iiter flask equipped with a stirrer, reflux condenser, and two 
dropping funnels. The solution was heated to 50°C., 370 gm. (278 ml.) of 
dimethyl sulphate and a 50% aqueous solution of NaOH (272 gm.) in the drop- 
ping funnels were added simultaneously at a rate sufficient to maintain reflux 
and an alkaline medium. After the addition of the alkylating agents was 
completed, the bulk of the acetone was distilled off with continuous stirring. 
The remaining liquid was stirred with 400 ml. of 30% NaOH solution at 
100°C. for three hours. The nonaqueous layer was separated and distilled on 
the Podbielniak distillation column. Yield, 184 gm. (85% of the theoretical 
amount), b.p. 106° at 12 mm., 226° at 714 mm., 2° 1.4539. Analysis for 
C10H1s03: C, 64.08%; H, 9.70%. Calc. for C, 64.48%; H, 9.74%. 

The compound is miscible with common organic solvents, and is insoluble 
in water and glycerol. 

(4) Hydrolysis of DL-1,2-O-Cyclohexylidene-3-O-methylglycerol 

Sixty milliliters of DL-1,2-O-cyclohexylidene-3-O-methylglycerol and 60 

ml. of 10% sulphuric acid were refluxed for four hours. The aqueous layer 
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was neutralized with sodium carbonate solution, separated from the cyclo- 
hexanone and distilled. A second distillation of the product yielded 30 gm. of 
1-O-methylglycerol, b.p. 135° at 40 mm. (reported b.p. 135.5-136°C. at 40 
mm.) (2). The product was oxidized with periodic acid in aqueous solution at 
room temperature. Periodic acid, 0.99 moles, was consumed after one hour and 
no change was observed after an additional 20 hr. 


(5) DL-1,2-O-Cyclohexylidene-3-O-p-toluenesulphonylglycerol 

p-Toluenesulphonyl chloride, 4.5 gm., was added to a solution of 4 gm. of 
DL-1,2-O-cyclohexylideneglycerol in 20 ml. of anhydrous pyridine cooled in 
an ice-water mixture. The mixture was allowed to stand at room temperature 
for 48 hr. and was then poured into 110 ml. of ice water and stirred. The 
DL-1,2-O-cyclohexylidene-3-O-p-toluenesulphonylglycerol, which crystallized, 
was filtered and dried. Yield of crude material, 6.5 gm. (86% of the theoretical 
amount), m.p. 49°. Several recrystallizations from Skellysolve ‘‘B’’ —- amyl 
alcohol (1:1) gave the analytically pure compound in the form of prisms, 
m.p. 48.5-49.0°C. Analysis for CisH2OsS: C, 59.05%; H, 6.76%; S, 9.88%. 
Calc. for C, 58.87%; H, 6.79%; and S, 9.82%. 

The compound is very soluble in acetone, chloroform, benzene, ethyl 
acetate, and ethyl ether, soluble in methanol, ethanol, and carbon tetrachloride, 
slightly soluble in Skellysolve ‘“‘F’”’, and almost insoluble in water. 


(6) Reaction of vtL-1,2-O-Cyclohexylidene-3-O-p-toluenesulphonylglycerol . with 
Sodium Iodide 

One gram of the tosyl derivative and 1.2 gm. of anhydrous sodium iodide 
were dissolved in 15 ml. of acetic anhydride and the solution was heated at 
100°C. on a steam bath. Precipitation of sodium p-toluenesulphonate began 
after 15 min. and heating was continued for five hours. The precipitate 
was collected, dried, and weighed. Yield, 0.55 gm. (93% of the theoretical 
amount). 


(7) Acid Hydrolysis of DL-1,2-O-Cyclohexylidene-3-O-p-nitrobenzoylglycerol with 
Mineral Acids 

(a) Sulphuric Acid 

Two grams of the compound was added to a solution of 38 ml. of acetone 
and 5 ml. of 1.0 N H,SQO, and the mixture was refluxed for four hours. The 
solution was diluted with an equal volume of water, neutralized by passing 
through a column of Amberlite IR-4B, and evaporated to a volume of 25 ml. 
The oil which separated was taken up in 60 ml. of hot chloroform; the chloro- 
form layer was separated and evaporated to a volume of 15 ml. The 1-0-p- 
nitrobenzoylglycerol was crystallized from this solution. Yield, 1.05 gm. 
(70% of the theoretical amount), m.p. 107° (reported m.p. 107°) (1). 


(b) Hydrochloric Acid 
Acid hydrolysis was carried out in the same manner with 1.0 N hydrochloric 


acid. Silver oxide was used to neutralize the acid after hydrolysis. Yield, 
1.1 gm. (73% of the theoretical amount), m.p. 107°. 
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OLIGOSACCHARIDES OF XYLOSE FROM WHEAT STRAW 
HEMICELLULOSE! 


By C. T. BisHop 


ABSTRACT 


A series of oligosaccharides were prepared by autoclaving wheat straw 
hemicellulose at 120°C. in distilled water. The di- to the hepta-saccharide 
inclusive were shown to be members of the (1 — 4)-8-p-xylopyranose series. 
The octasaccharide was shown to be doubly branched. Certain aspects of the 
— of wheat straw hemicellulose are discussed on the basis of these 
results. 


The structure of a polysaccharide is usually determined by identifying 
and estimating hydrolysis products of the methylated polysaccharide. This 
procedure gives a picture of the gross structure of the polysaccharide, but, 
because of uncertainty of complete methylation or difficulty in separating 
the hydrolysis products, finer details may be missed. With the advent of 
chromatographic methods (9, 11) it is now possible to isolate oligosaccharides 
produced by partial hydrolysis of unsubstituted polysaccharides. Finer details 
in the structure of the parent polysaccharide are often revealed by characteri- 
zation of oligosaccharides. A large number of these compounds have already 
been investigated (12). 

A previous report (3) described the preparation of a crystalline xylan and a 
mixture of mono- and oligo-saccharides from wheat straw hemicellulose. The 
purpose of the present investigation was to characterize the oligosaccharides 
and relate the results to the gross structures previously proposed for wheat 
straw hemicellulose (1, 2). 

Individual components in the mixture of mono- and oligo-saccharides 
obtained by the autoclaving of wheat straw hemicellulose were isolated by 
successive displacement from charcoal columns (11) and by repeated chroma- 
tography on large paper sheets. The monosaccharides consisted of D-xylose 
and L-arabinose. The oligosaccharides were separated into seven, chromato- 
graphically-pure components which appeared to constitute a polymeric 
homologous series. Table I records the yields and properties of these com- 
ponents. Molecular weights of the compounds corresponded to the calculated 
values for a series of pentose oligosaccharides ranging from a di- to an octa- 
saccharide. Hydrolysis of each oligosaccharide released only D-xylose. These 
results suggested that the compounds were members of the (1 — 4)-6-p- 
xylopyranose series first isolated, up to the heptasaccharide, by Whistler and 
Tu (18, 14, 15) from corncob xylan. The di- and tri-saccharides were crystallized 
and identified as xylobiose and xylotriose by their physical properties and 
those of their crystalline acetates (Table II). The tetra-, penta-, and hexa- 
saccharides could not be crystallized but yielded crystalline acetates (Table 

1Manuscripl receivse February 9, 1956. 
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TABLE I 
OLIGOSACCHARIDES OF XYLOSE FROM WHEAT STRAW HEMICELLULOSE 














Yield, Molecular weight [a]2s 
2 of (alkaline iodine) (c=1—2% in water) Melting point, °C. 
emi- 
cellulose Found Calcu- Found Reported* Found Reported* 
lated* (13) 
Disaccharide 6.18 284 282 —24.8 —25.5 188-190 185-186 (13) 
Trisaccharide 5.56 450 423 —44.4 -—47.0 204-205 a ‘o 
14 (8 
Tetrasaccharide 6.82 533 546 —57.8 -—60.0 ~= 
Pentasaccharide 6.74 711 678 —62.4 —66.0 — 
Hexasaccharide 6.80 842 810 —70.0 —72.8 —= 
Heptasaccharide 4.94 953 942 —71.3 —74.0 (15) — 
Octasaccharide 6.24 1069 1074 —25.2 — — 





*For the (1 — 4)-8-D-xylopyranose series. 


TABLE II 
ACETATES OF OLIGOSACCHARIDES OF XYLOSE FROM WHEAT STRAW HEMICELLULOSE 














Melting point, °C. [a}zs (c = 1-2% in chloroform) 
Found Reported* (14) Found Reported* (14) 
Disaccharide 155 .5-156 155.5-156 —74.3 —74.47 
Trisaccharide 109 — 110 109 — 110 —85.0 —85.0 
Tetrasaccharide 199 — 201 201 -— 202 —93.6 —93.7 
Pentasaccharide 248 - 249 248 -— 249 —97.5 —97.5 
Hexasaccharide 257 — 259 260 - 261 — 103 —102 
Heptasaccharide — — —105 _ 
Octasaccharide —56.8 = 





*For the (1 — 4)-8-D-xylopyranose series. 


II) having physical constants identical with those reported (14) for the 
acetates of xylotetraose, xylopentaose, and xylohexaose. The hepta- and 
octa-saccharides could not be crystallized, nor did they yield crystalline 
acetates. Characterizations of these two compounds were therefore based on 
optical rotations and oxidations with periodate. 

In a polymeric homologous series, if the linkages are identical, [M]nyn 
plotted against (n—1)/n yields a straight line where [M], is the molecular 
rotation (specific rotation X molecular weight/100) and m is the degree of 
polymerization (7, 14). When molecular rotations of the acetates of the present 
series of oligosaccharides were plotted in this way a linear relationship was 
found to exist from the di- to the hepta-saccharide inclusive (Fig. 1). These 
results indicated that the heptasaccharide was most likely xyloheptaose, a 
member of the (1 — 4)-8-D-xylopyranose series, the lower members of which 
were positively identified. The octasaccharide, however, must have contained 
some linkages different from the (1 — 4)-8-D-type. 

Some structural details of carbohydrates can often be revealed by periodate 
oxidation. Members of the present series of oligosaccharides were oxidized 
by periodate using the micromethod developed by Perlin (10), in which the 
oxidation can be followed by continuous measurement of the formic acid 
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Fic. 1. Relation between molecular rotations and degrees of polymerization of oligosac- 


charide acetates. 


produced, without stopping the reaction. Theoretically, each member of a 
(1 — 4)-8-D-xylopyranose oligosaccharide series should consume +2 moles 
of periodate with the production of three moles of formic acid. Results of the 
oxidations are shown in Fig. 2. All members of the present series consumed 
the theoretical +2 moles of periodate and all except the octasaccharide 
produced 3 moles of formic acid. The octasaccharide produced almost five 
(4.82) moles of formic acid indicating that it was doubly branched, i.e. it 
possessed one reducing and three non-reducing xylopyranose units. In such 
an octasaccharide two of the eight xylopyranose units would be protected, by 
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Fic. 2. Periodate oxidation of oligosaccharide series. Upper curve, octasaccharide. Lower 
curve, tri-, tetra,- penta-, hexa-, and hepta-saccharides. Broken lines, overoxidations of octa- 


and hepta-saccharides. 








1076 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 


the branching, from oxidation by periodate. The oxidized octasaccharide was 
therefore hydrolyzed and recovery of 2 moles of xylose confirmed the presence 
of the doubly branched structure. It should be mentioned that following the 
initial oxidations of the hepta- and octa-saccharides there was a time lag in 
the reactions after which overoxidation occurred (Fig. 2, broken lines). No 
difficulty was experienced in distinguishing between the two phases of oxida- 
tion. 

The results presented here are in reasonable agreement with those of pre- 
vious investigations on wheat straw hemicellulose (1, 2, 3) in which the same 
predominance of (1 — 4)-8-D-xylopyranose linkages were found. However, 
isolation of the doubly branched octasaccharide showed that at least 1.56% 
of the xylose units in the polysaccharide were joined by another type of 
linkage. Detection of this branching illustrates the advantage of examining 
oligosaccharides formed by partial hydrolyses of polysaccharides. It should 
also be mentioned that D-xylose, autoclaved under the same conditions, 
showed no evidence of syntheses. Investigations of the gross structure of wheat 
straw hemicellulose by methylation techniques have been reported by Adams 
(1) and by Aspinall and Mahomed (2). Adams (1) found that all of the 
2-O-methyl-D-xylopyranose could*be accounted for by 2,3,5-tri-O-methyl-.L- 
arabofuranose, thus obviating any possibility of branching in the xylan chain. 
However, it is doubtful whether the analytical methods available are sensitive 
enough to estimate differences in the quantities of these two sugars to account 
for a small amount of branching. Aspinall and Mahomed (2) obtained 3.4% 
of 2-O-methyl-D-xylopyranose which was attributed to incomplete methylation 
and demethylation during hydrolysis. In the light of our present work it seems 
probable that part of this 2-O-methyl-D-xylopyranose was due to branching 
in the xylan chain. The work reported here shows that some of the xylan chains 
in wheat straw hemicellulose have a structure similar to that of esparto (4) 
and pear cell-wall (5) xylans, in which single branch points were found every 
75 and 115 units respectively. 

EXPERIMENTAL 

The following solvents (v/v) were used to separate sugars on paper chroma- 
tograms: (A) pyridine: ethyl acetate: water—1: 2: 2; (B) butanol: pyridine: 
water—6: 4:3; (C) butanol: pyridine: water—5: 5:3. Specific rotations were 
measured in a 1 dm. tube and are equilibrium values. Evaporations were done 
at 35°C. or less and molecular weights were estimated by the alkaline iodine 
method (15). All melting points are corrected. 


Formation of Oligosaccharides 

Wheat straw hemicellulose (32 gm.) was autoclaved in distilled water at 
120°C. and the resulting mixture of soluble sugars was isolated as previously 
described (3). This mixture, dried to constant weight over phosphoric anhy- 
dride at 0.03 mm., was a yellow, friable solid (24.3 gm., 76% of the hemi- 
cellulose). D-Xylose autoclaved under the same conditions yielded no oligo- 
saccharides. 
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Separation on Charcoal Columns 


One-third (8.09 gm.) of the sugar mixture, dissolved in water (100 ml.), 
was adsorbed on a column (170 X 34 mm.) consisting of a mixture of equal 
parts by weight of Darco G-60 and Celite 535 (11). The mixture of adsorbed 
sugars was resolved into four fractions by successive displacement with water 
(900 ml.), 5% ethanol (1100 ml.), 15% ethanol (800 ml.), and 30% ethanol 
(900 ml.). The course of desorption was followed by anthrone spot tests. 
The remaining two-thirds of the mixture was fractionated in the same way 
and the corresponding eluates were combined. Examination of the four 
fractions by paper strip chromatography (solvent A) showed that they could 
be designated as the monosaccharide, disaccharide, trisaccharide, and higher 
oligosaccharide fractions, respectively. 


Monosaccharide Fraction 


The water eluates were evaporated to dryness leaving a sirup (6.5 gm., 
20% of the hemicellulose), part of which was redissolved in water and chroma- 
tographed on large sheets of Whatman 3MM paper (solvent A). Extraction of 
appropriate portions of the chromatograms yielded D-xylose, m.p. and mixed 
m.p. 144-145°C., [a]?® = +19.5 (c = 3.2 in water), and L-arabinose, identified 
by formation of its crystalline benzoylhydrazone, m.p. and mixed m.p. 
185-186°C. 


Purification of Oligosaccharides 


The 5%, 15%, and 30% ethanol eluates from the charcoal columns were 
evaporated separately and the residues were purified by chromatography on 
Whatman 3MM paper (solvent B for the 5% and 15% ethanol fractions, 
solvent C for the 30% ethanol fractions). Extraction of appropriate portions 
of the papers yielded a disaccharide from the 5%.ethanol eluate, a trisac- 
charide from the 15% ethanol eluate and tetra-, penta-, hexa-, hepta-, and 
octa-saccharides from the 30% ethanol eluate. The last five oligosaccharides 
were purified by rechromatography in thé same way. Table I gives yields, 
molecular weights, and physical properties of all the oligosaccharides together 
with the corresponding reported or calculated values for the (1 — 4)-8-p- 
xylopyranose series. The di-, and tri-saccharides were crystallized from methanol 
and 85% ethanol respectively. Attempts to crystallize the other oligosac- 
charides were unsuccessful. 

The oligosaccharides were acetylated by the sodium acetate — acetic 
anhydride method so that all anomeric hydroxyl groups were in the §-pD- 
configuration. Table II lists the physical properties of these acetates and the 
corresponding values reported for acetates of the (1 — 4)-8-D-xylopyranose 
oligosaccharide series. 


Hydrolysis of Oligosaccharides 


A portion (10 mgm.) of each oligosaccharide was heated at 97°C. for five 
hours with N hydrochloric acid (0.5 ml.). At one hour intervals samples were 
removed from each hydrolysis and chromatographed on Whatman No. 1 








1078 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 


paper in solvent A. The developed chromatograms showed that all hydrolyses 
were completed in the first hour and that xylose was the only sugar produced. 


Periodate Oxidations 

Each oligosaccharide except xylobiose was oxidized by periodate in the 
Warburg respirometer by the method of Perlin (10) which permitted the use 
of small samples (2—4 mgm.). Fig. 2 gives the results of the oxidations which 
were done in duplicate at 20°C. and pH 5.7. When production of formic 
acid first reached a constant value, one set of samples was removed for estima- 
tion of periodate (arrows in Fig. 2). Periodate consumption by the tri-, 
tetra-, penta-, hexa-, hepta-, and octa-saccharides were respectively 4.9, 
6.0, 6.86, 7.91, 8.96, and 9.88 moles. 

For oxidation of the octasaccharide 2.73 mgm. samples were taken. If the 
octasaccharide was double-branched then the oxidized samples should release 
0.756 mgm. of xylose when hydrolyzed. The two octasaccharide oxidations 
(after estimation of periodate), together with two blanks to which 0.76 mgm. 
of pD-xylose had been added, were deionized with Amberlite IR 120 and 
Dowex-2 (carbonate form). The deionized solutions were evaporated to 1 ml. 
and were boiled under reflux for two and one-half hours with 12% hydrochloric 
acid (0.25 ml.). The hydrolyzates were neutralized with Dowex-2 (carbonate 
form) and the xylose present in each of them was estimated by quantitative 
(6) paper chromatography (solvent A). Average recoveries of xylose were 
0.544 mgm. from the blanks, 0.579 mgm. from the oxidized octasaccharides. 
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FREQUENCY SPECTRA OF FREE LATTICES AND PARTICLE SIZE 
EFFECTS ON THE HEAT CAPACITY OF SOLIDS! 


By D. PATTERSON? 


ABSTRACT 


The effect of particle size on the heat capacity of solids has been investigated 
using lattices with free boundaries as models. A monatomic lattice shows a low 
temperature effect associated with the acoustic modes. This can be compared 
with results obtained from a continuum model. With a diatomic lattice, however, 
an effect is also associated with the optical modes and is apparent at higher 
temperatures. The possibility that this latter effect can explain some recent 
experimental results is examined. 


The continuum model of the solid has been used to predict an effect of par- 
ticle size on the specific heat which would be observable at low temperatures 
(4, 12, 17); such an effect has recently been found with NaCl (14). However, 
an effect at higher temperatures which had not been predicted has also been 
found using TiO: in the rutile form (5), and a theoretical explanation is 
required. The frequency spectrum of rutile contains both acoustic and optical 
modes, as is shown by the fact that the specific heat is fitted with a combination 
of Einstein and Debye functions (16). The continuum (Debye) model must 
therefore be inadequate in this case and it seemed worth while to investigate 
the particle size effect using simple lattice models. These have the advantage 
of giving a more adequate picture of the acoustical modes and of also being 
able to show the optical (Einstein) modes when the lattice contains atoms of 
differing mass. Although a simple model of nearest neighbor interactions only 
is employed in the three-dimensional case, the essential features of the effect 
are displayed and an extension to more elaborate models may be made when 
warranted by the sensitivity of the experiments. The effect of particle size 
on the specific heat of a monatomic lattice is treated in Part I and thus only 
the acoustic modes are considered there. It is shown that at low enough 
temperatures the continuum model gives the same results as the lattice 
model, as might be expected. 

Part II goes on to consider lattices containing atoms of differing mass. It is 
shown that particle size effects are associated with the optical modes as well 
as the acoustic modes and should be observable at high temperatures. A 
calculation assuming a simple cubic structure for TiO: gives about one-fifth 
of the effect actually observed at higher temperatures. Although a calculation 
for the actual TiO, lattice should produce a larger result, it is thus possible 
that some other effect occurs. 

While the only thermodynamic property dealt with explicitly is the specific 
heat, it is apparent that once the effect of particle size on the frequency spec- 
trum is known the corresponding effects on the other thermodynamic proper- 

1Manuscript received November 30, 1954. 
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ties may be obtained by the conventional methods of statistical thermo- 
dynamics. 


I. EFFECT OF PARTICLE SIZE ON SPECIFIC HEAT (MONATOMIC LATTICES) 


The frequencies of vibration of free chains and free lattices have already 
been discussed to some extent, the former particularly in connection with 
long chain molecules (10, 15). Born (3) remarks that the frequencies of the 
free monatomic chain should be given by 


[1] Ty = 4/2 sin o13 o, = ml /2N, i = 0, 1,...(N-1). 


Here a is the Hooke’s Law constant for the interatomic interactions, m the 
mass of the atoms, and N the number of atoms in the linear chain. This is to 
be compared with the case of a chain where consideration of the boundary 
has been obviated by the adoption of periodic boundary conditions. Then 


[2] ¢; = ml/N, 1=0,1,...(N-1). 


Halford (7) has obtained [1] for the free chain and has generalized it to a 
three-dimensional lattice, taking into account nearest neighbor interactions 
only. For vibrations parallel to the x direction 


x2 @.?2 ae 2% 
wv =-sin ¢,+— sin ¢,+— sin 
m Qr m dy m dz 


¢, = al/2N,, o = xm/2N,, ¢, = an/2N,; 


[3] 


1=0,1,...(N,—-1), m=0,1,...(N,—-1), 2 =0,1,...(N.—1) where 
N,, N,, N, are the numbers of atoms in the linear dimensions of the particle 
and a and Bb are the Hooke’s Law interactions in the direction of vibration and 
perpendicular to it. The spectrum of frequencies in the other two directions 
is obtained by interchanging x, y,z so that the total number of modes is 
3N,N,N,. For the case of periodic boundary conditions 


¢, = al/N,, ¢, = rm/N,, o, = mn/N,. 


The validity of the model has already been discussed to some extent (7). 
It may be shown further that at low temperatures the model becomes equiva- 
lent to a consideration of nearest neighbor interactions as well, provided this 
interaction is small, as is usually the case. When these conditions are fulfilled, 
the spectrum with next nearest neighbors is given by Blackman (2) to be 


_ (a+4y) 


22 
[4] 4ny a 


2 2y 2 2y 2 
be +" by += o 


where a@ and y are the constants for nearest and next nearest interactions. 
[4] may be compared with [3], putting 


(a+4y) 
2y = 5. 


I 
$ 


(5] 











PATTERSON: PARTICLE SIZE EFFECTS 1081 


The specific heat associated with the lattice vibrations may be obtained as 
the sum of Einstein terms over the frequency spectrum, i.e. 


ty cm (hv /2kT)° 
(6) C= DEG) = Lea (hv /2kT) * 


The specific heat of the linear chain will first be considered. According to [1] 
v may be taken as a function of ¢@ evaluated at equal intervals between ¢o 
and ¢y-1. The summation [6] may therefore be replaced by an integration 
through the use of the Euler—Maclaurin series (R. B. Dingle, private com- 
munication). Thus if 





h = o:— $0 = 2-1 =... = Ou1— Oy 
Re o=bn 
[7] hd E($) = hd, E(¢)—E(¢w) 
ae 


= J. E(¢) do+}{E($0)—E(¢n)} 
oan dE 
+e, ff (¢—m—}3) de 
(see Jeffreys and Jeffreys (8), for instance). The error in replacing the summa- 
tion by the integral i is given by the last term of [7] which is quite negligible 
if 
hvo/2kT K2N/e where 2x vo = (4a/m)}, 


the maximum frequency of the spectrum. For the chain with free boundary 
conditions, then 


h 


x/2N, ¢=0, oy = 32, and 


ie 
8) C= QN/x) [ E(¢) 4¢+41E0)-EGs)} 


i ' 
= @N/x) {E(¢)do+4{k-EGGn)}. 


Thus C contains a term proportional to NV, the number of atoms in the chain, 
plus a constant term due to an “end effect’’ on the frequencies. At low tem- 
peratures sin ¢ ~ ¢ and E($x) ~ 0. [7] may be integrated to give 


2N udu 
> To anf) Ss sinh’ 
of the form 


[9] C = $k+AT. 


Such a constant contribution does not arise when periodic boundary conditions 
are assumed, i.e. the frequencies are given by [2] and ¢@ = 0, dy = mw. The 
constant term then becomes }{E(0)—E(x)}, which is zero since E(0) = E(x) 
= 0. Thus, although [1] and [2] show the frequency density of modes to be 
the same whether or not the free boundary is considered, the frequencies 
associated with ¢y are different, producing a particle size effect in one case 
and not in the other. As will be seen, the same holds for a diatomic chain and 
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in the three-dimensional case. Born (3) shows that in the former case the 
density of modes is the same whether free or periodic boundary conditions 
are chosen. For the three-dimensional case Ledermann (11) has proved quite 
generally that the difference in the density of modes due to considering the 
boundary is one which tends to zero with increasing size of the solid. However, 
in these cases a particle size effect exists for a particular model at least and 
arises from the behavior of the frequency spectrum when ¢ ~ 0. 

The specific heat of the three-dimensional lattice may be dealt with in a 
manner analogous to the one-dimensional case, the summation [6] over the 
frequency spectrum [4] being evaluated by means of the Euler—Maclaurin 
approximation applied three successive times. There are then contributions to 
the specific heat which may be associated with the volume, surface, and edges 
of the lattice, and finally with the translation of the lattice. Of these, the first 
two are most important, whence 


2 3 mre il ir hr 
[10] Cc = (2) N,N,N, J J P E(¢:, dy; $2) dd, dd, d¢. 
2 


2 jn pit 
+H( =) (NaN tN LN. +N.N:) J J, 2{E( oz, ,,0)—E(¢z, $y, 4)} dodgy 
plus corresponding terms for the vibrations in the other two directions. In 
the case of periodic boundary conditions, the integrand of the surface con- 
tribution is ‘ 

3 {E(¢:, dy, 0) —E(¢:, dy, ™)} 
and vanishes. 

It may be noted that in both the one- and three-dimensional cases the 
Euler—Maclaurin approximation requires correction through the final term of 
[7] when hyo/2kT ~ 2N/zx, where N is the linear dimension of the lattice. 
In the one-dimensional case as JT —0 the correction term —%3k, so that 
C — k instead of $k as would be expected from [8]. In the three-dimensional 
case the contribution of particle size to the specific heat ceases to be extensive 
in the surface area as in [10]. It has been suggested (9) that the excess specific 
heat be considered as a surface thermodynamic quantity. It is seen, however, 
that the particle size and the temperature must be of sufficient magnitude 
for these surface thermodynamics properties to be extensive. 

At high temperatures the full integration of [10] would be difficult. At low 
temperatures, however, the approximation becomes valid. Blackman (2) has 
shown that in this case the specific heat follows a T* law and an analogous 
treatment of the surface contribution in [10] shows that it follows a T? law. 
In fact [10] reduces to 


C = 464(T/6)°+B(T/6)’ cal./deg.-mole where 


_ (36x)! N, a+b! f° u'du 
~ 2 Ny, a'b Jo sinh’u 


[11] 
B 





with N,/N, as the proportion of atoms on the surface of the solid. There is 
an exact correspondence between [11] and the low temperature form of the 
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expression given by Montroll (12) for the specific heat of small particles, 
provided the factor (a}+26) /a4b of the lattice model compares with 32/3c3?/3/c» 
in the Montroll continuum model. 


Il. EFFECT OF PARTICLE SIZE ON THE SPECIFIC HEAT (OPTICAL MODES) 


If now alternate atoms of a free chain of 2N atoms are of differing masses 
m, and mz there are 2N equations of motion whose compatibility is assured by 
the following secular equation 





a 22 a 
——4ry — 
1 my, 
a 2a 2 a 
— 49°)" — 
Me me Me 
[12] : = 0. 
a. 2 22 a 
—\——4¢7 — 
m, mM, my, 
a a 22 
—— ——4rp 
me Me 





By means of a diagonal expansion it may be shown that the determinant 





a 22 a 
see v = 
1 1 
[13] C= 
a a 22 
— —4rp 
Me Me 


is a factor. Thus, two of the frequencies of the chain are given by the secular 
equation for a free pair of atoms, C = 0, leading to a translation of zero 
frequency and the vibration 


[14] 4a’y* = o( mt) 
Mm m2 


The remaining modes are those of a chain of (V—1) pairs of atoms given 
by 





22 @a(mi+me) + ar/ m,+m2°+2mym,cos2¢; 
Any 
[15] Mm m2 
al 

¢: = 5y) 1=1,2,...(N-—1). 

The frequencies may be compared with those found for a chain with periodic 
boundary conditions in which the 2N frequencies are given by [15] but with 
¢, = ml/N and 1 = 0,1,...(N-—1). In the free case the modes lie along two 
branches but that corresponding to / = 0 of the optical branch has been dis- 
placed downwards, as shown in Fig. 1. The significance of the position of 
this mode becomes apparent if m, K m2. In this case, the (V—1) frequencies 
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Fic. 1. Acoustic and optical modes for a free diatomic chain. 


of the optical branch given by [15] may be approximated by the single Ein- 
stein frequency 4x7y? = 2a/m, and the remaining mode is of frequency 
4r*v? = a/m,. In the case of periodic boundary conditions, all N optical 
modes would have 4x?v? = 2a/m,. Here each atom is identical in interacting 
with two neighbors, while in the free boundary case the end atoms have only 
one neighbor. This result may be obtained directly from [12]. As m,— ©, 
a/m:— 0, so that in [12] the off-diagonal elements in alternate rows reduce 
to 0 and the diagonal elements each become —42’y?. The determinant is then 
easily expanded to give 


N-1 
[16] (—40'*y*(22—40') (2-40) 
my, my 


or the product of the diagonal elements. Thus the frequency spectrum com- 
prises an N-fold root at 0 (the acoustic modes), (V—1) roots at 2a/m,, and a 
root at a/m,. In the periodic case the N optical modes fall at 2a/my. 

The integration of [6] is now performed separately over the acoustic (—) 
and optical (+) modes in order to obtain the specific heat. In the periodic 
case 

N (* 
a c=™ 2,09) dd+HE,O)-E,(x)| 


é 


+% [£(6) do+4{E0)-E(x)}. 








pepo 
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Now £,(0) = E,(r) = E_(0) = E_(wx) = 0, whence 


i og Lae as 
c= f'e(g) aot” [EC ae. 


In the case of the free boundary the frequency of the optical mode at / = 0 
has been replaced by half the value in the periodic case or the term E, (0) 
must be replaced by 4,(0). The specific heat then becomes 


ir 
= BY [Ex (9) dd—- HE) +E.42)} +600) 
ir 
” 428 J E_($) d¢+}{E_(0)—E_(}x)} 
= © [ £.(6) do- HE) + E,(42)} +E) 


+% f £6) d6+41E0)-E(x)} 


and the effect of free ends is to add the bracketed terms to the specific heat. 
It may be noted that when m, = mz; the second bracket is zero and the con- 
tribution reduces to 


2{k—E,(0)}. 


Since enumeration of the optical modes starts with / = 0 corresponding to the 

highest frequency, E,(0) is the same as E(}x) for the chain of equal masses. 
Thus [18] reduces to [8] when the masses are equal. 

The contribution to the specific heat given by [18] is plotted in Fig. 2 as a 

function of 2k7/hvo for mass ratios m,/m2 = 1, 9, 16. Thus if the masses are 

Ac 

5k 





4k 

















2kT/hy, 


Fic. 2. Contribution of ‘‘end effect’’ to specific heat of a free diatomic chain. 


quite different and there is a gap between the acoustic and optical modes, 
the effect associated with the acoustic modes may die away before that 
associated with the optical modes becomes prominent. 

In the three-dimensional case the effect of the free boundary is easily 
evaluated when one of the masses is much greater than the other, say as 
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m, — 0. The secular determinant corresponding to [12] may then be expanded 
as the product of its diagonal elements, from which the roots are found 
immediately. If the lattice is of dimensions 2NV, X 2N, X 2N, atoms the 
roots fall into groups associated with the acoustic (v? ~ 0) and the optical 
modes which are further subdivided into groups associated with atoms in 
the bulk of the material, on the surface, along the edges, and finally at the 
corners. Of these, the most important are the bulk and surface groups. There 
are 4(N,—1)(N,—1)(N.—1) of the former with 4r*y? = 2(a+2b)/m, and 
4(N,—1)(N,-—1) of the latter with 4r7y? = 2(a+)) = 2(a+b)+5/m,, and 
similarly modes found by interchanging x, y; ¥, 2; 2, x. 

Since the modes associated with the surface atoms have a lower frequency 
of vibration than those associated with the bulk, a higher contribution to the 
specific heat will result. The excess specific heat due to the surface modes 
may be found by taking the Einstein functions of the frequencies involved. 
In most cases y/a ~ 0.1 or, using [5], b/a ~ 0.14 so that the frequencies of 
vibration of surface atoms perpendicular to the surface are considerably 
different from the frequency of an interior atom, while vibrations in the plane 
of the surface are not greatly different. With y/a = 0.1 the mode of vibration 
perpendicular to the surface has 0.78 of the frequency of an interior atom and 
at a temperature one-half of the characteristic Einstein temperature the 
contribution to the specific heat of the modes is 25% higher than from an 
interior atom. Thus with small particles which may have 10% of their atoms 
on the surface it should be quite feasible to observe the effect. 

Obviously it cannot be correct to apply these considerations to the complex 
rutile structure since a simple cubic lattice is assumed. Nevertheless, the order 
of magnitude of the particle size effect may be obtained. It appears that only 
about one-fifth of the observed specific heat difference between the small 
particles and the bulk crystal (8% at 270°K.) can be accounted for in this way. 
It should be noted, however, that the predominant rutile surface ({110}) is 
covered with chains of relatively exposed oxygen atoms producing a rougher 
surface than the predominant {100} of the simple cubic structure, and hence 
a larger surface effect. 


SUMMARY 


The lowered frequency spectrum of a monatomic lattice with free bound- 
aries results in an increased specific heat as shown by equation [10]. At low 
temperatures the expression [11] results which compares with the result found 
using a continuum model. If atoms of differing mass are present in the lattice, 
a particle size effect is associated with the optical modes and appears at 
high temperatures. It is evident that although the model chosen is a simple 
one, refinements such as the introduction of next nearest neighbors and 
lattice defects may be introduced into the lattice model in order to give a 
better picture of the particle size effect. 
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THE DEGRADATION OF CARRAGEENIN 
II. INFLUENCE OF FURTHER VARIABLES! 


By C. R. Masson, D. SANTRY, AND G. W. CAINES 


ABSTRACT 


A further study has been made of the degradation of carrageenin in aqueous 
solution. An 80°C. extract of Chondrus crispus degraded more rapidly than a 
preparation from which a 30°C. extract had been first removed. The latter pre- 
paration could be degraded to a lower limiting intrinsic viscosity under suitable 
conditions. Degradation was mainly random, but a more rapid initial degradation 
was observed under all conditions studied. The presence of dissolved oxygen 
accelerated the reaction above 60°C. Maximum stability was observed in an 
inert atmosphere at pH 9 in the presence of salts. Hydroxymethylfurfural and 
formic acid were identified as products, the yield of the former being higher than 
from D-galactose alone. The results have been discussed in the light of recent 
work on the constitution of the polysaccharide. 


INTRODUCTION 


In Part I (8) the kinetics of degradation of carrageenin of low molecular 
weight were described. It is of interest to observe if similar kinetics are ob- 
tained with an extract of high molecular weight, and to examine the effect of 
other variables, such as concentration, pH, and atmospheric oxygen, on the 
reaction. It is also important to establish the nature of the products. These 
aspects are investigated in the present work. 


EXPERIMENTAL 


Matertals 

The carrageenin used for the kinetic experiments was an 80°C. extract of 
dried Irish moss which had been previously extracted at 30°C. The significant 
details are given elsewhere (9). It had a number average molecular weight, 
determined osmometrically, of approximately 2.5 X 10°. It is referred to as 
extract G. 

In the experiments designed to identify the products of degradation, an 
80° extract was employed, no attempt being made to remove the 30° extract 
separately. This extract is designated H. Both extracts were stored at — 13°C. 

Solutions were prepared as described previously (8). For all experiments 
with extract G the sodium salt was used. 

Oxygen-free nitrogen was prepared by passing gas from a cylinder through 
heated copper turnings. 


Measurements 
Experiments in the presence of air were carried out exactly as described 
previously (8). For experiments in the absence of oxygen, two techniques 
were employed. In the first, carrageenin solutions were contained in sealed 
1Manuscript received January 25, 1956. 
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Fic. 1. Apparatus for studying degradation in nitrogen. 


pyrex tubes which had been either flushed thoroughly with nitrogen or de- 
gassed by repeated freezing and thawing of the contents im vacuo. Tubes were 
immersed simultaneously in a bath at the appropriate temperature and 
removed at various intervals. This method was later discontinued and the 
apparatus shown in Fig. 1 was constructed for studying the degradation in 
an atmosphere of nitrogen. The solution was introduced into flask F via clip 
C, by applying suction at A. During an experiment, nitrogen was passed 
through the solution via capillary B. By suitable manipulation of the stopcocks 
a pressure of nitrogen could be applied to the surface of the solution and 
samples removed via C without the introduction of air. 

It has recently been shown (9) that the viscosity of solutions of carrageenin 
of high molecular weight is markedly dependent on the rate of shear. For 
each sample, therefore, the viscosity was measured at various rates of shear 
as well as at various concentrations. Capillary viscosimeters similar to those 
described elsewhere (9) were employed. The shear-dependence decreased, as 
expected, during an experiment and became negligible when the intrinsic 
viscosities had fallen to 5.5 gm.—! 100 cm.* Lower viscosities were therefore 
measured in a simple Ostwald viscosimeter, with a flow time for water of 
179.2 sec. 

Polarograms were obtained with a Sargent-Heyrovsky No. XII instrument. 
Aqueous 0.1 N KCl, with or without buffer, was used as supporting electrolyte, 
and gelatin in 0.01% concentration was used to suppress undesired maxima. 
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RESULTS 


Degradation in Air at pH 7.0 


A 0.1314% solution of extract G in M/30 sodium phosphate buffer (pH 7.0) 
was heated at 90°C. in the presence of air, and samples were withdrawn at 
various times for viscosity measurements. Inspection of the results showed that 
all measurements could be referred to a common shear rate of 700 sec.—!. 
Linear plots of 7,)/c against c at this shear rate were extrapolated to yield 


values of [n]g.700 for various times during the run. The results are presented 
in Table I. 














TABLE I 
DEGRADATION OF EXTRACT G IN AIR AT pH 7.0 
Time (hours) [n] at 700 sec.-! Time (hours) [n] at 700 sec.- 
0 23.15 35.8 8.25 
2.0 17.2 57.4 5.7 
5.2 14.6 145.1 2.92 
10.0 13.1 219.2 2.35 
20.3 10.4 313.7 2.15 
27.5 9.4 381.5 2.15 











Comparison of Results for Extracts F and G 


For comparison with previous work, the results are plotted as 1/[n],—1/[n]o 
against ¢, where [n]» and [ny], are the intrinsic viscosities at zero time and time 
t respectively. This plot is chosen as no relationship between [ny] and M is at 
present available at high molecular weights. Trial shows, however, that the 
nature of the above plot is not greatly influenced by the value of the exponent 
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Fic. 2. Rate curves for extracts F and G in air at pH 7. 
@ Extract F; O Extract G. 
Insert (same ordinates), showing early stages of degradation. 
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a in the equation [n] = KM®*, so that the main features of the degradation are 
adequately depicted in this way. 

Fig. 2 shows this plot for the present results and for the degradation of the 
low-molecular-weight extract F studied previously (8). Three features are 
observed: (a) Extract G is degraded more slowly than extract F under the 
same conditions. (6) Both extracts show an initial sharp decrease in viscosity, 
followed by random degradation. The initial change is slight for extract G, 
and is complete in about two hours as compared with five hours for extract F. 
(c) With extract G, the rate of random degradation eventually decreases 
until, after 300 hr., a lower limiting viscosity of [n] = 2.15 is reached. This 
value of [ny] is only slightly lower than the initial intrinsic viscosity of extract 
F. 

Effect of Oxygen 


Initial experiments (extract G) showed that, at temperatures below 55°C., the 
rate of fall in viscosity was unaffected by passing oxygen, nitrogen, or air 
through the solutions. 

At higher temperatures, however, the rate is slower im vacuo or in nitrogen 
than in the presence of air. Fig. 3 shows the results of experiments in sealed 
tubes at 90°C. and pH 7.0. The experiments were performed at various 
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Fic. 3. Effect of dissolved oxygen on degradation of extract G at pH 7. 
w----- in air; in absence of oxygen. ; 
@ c = 0.0936% in vacuo; © c = 0.0702% in vacuo; 
O c = 0.0936% in nitrogen; & c = 0.0468% in vacuo; 
@ c = 0.0468% in nitrogen. 





concentrations to check that the reaction is truly first-order. The scatter in 
the points is due to the difficulty of determining the true initial viscosity for 
each sample, as the viscosity of the blank solution dropped appreciably during 
the time required for degassing the solutions. The effect of oxygen is, however, 
obvious. The slopes of the lines indicate that the rate of random degradation 
in air is approximately 4.6 times that im vacuo or in nitrogen. 








1092 CANADIAN JOURNAL OF CHEMISTRY. VOL. 33 


In unbuffered solution, as noted previously (8), the degradation of carra- 
geenin in the presence of air is accompanied by a decrease in pH. In one experi- 
ment the pH decreased from 6.15 to 2.88 on heating for 102 hr. at 90°C. 
In the presence of nitrogen, however, the decrease in pH is less pronounced, 
although the viscosity of the solution still drops markedly. The pH of an 
unbuffered solution of extract G, for example, decreased only from 6.50 to 
6.10 on heating for 265 hr. at 90°C. The specific conductance of this solution 
remained constant at 1.740+.04, while the value of (.p)s-200 at c = 0.052 
gm./100 ml. fell from 9.27 to 0.03. 

This result shows also that the rate of degradation is considerably retarded 
by the presence of salts. Thus the intrinsic viscosity of a buffered solution of 
extract G, after heating for 265 hr. in nitrogen, is [n]g-700 = 6.05. This may 
be compared with the value of (7,)/c) = 0.58 obtained for the unbuffered 
solution above. The difference in salt concentration and shear rate in the 
two sets of measurements would, if taken into account, further accentuate 
this difference. It is evident also that, in the absence of salts, the viscosity 
falls well below the limiting value attained in buffered solution in the presence 
of air. 


Effect of |H*] 

Experiments were done to determine the pH for optimum stability of 
carrageenin in the presence of nitrogen. Portions of a 0.396% solution of 
extract G in 0.05 WV sodium chloride were brought to different pH values by 
the addition of a few drops of 1 N NaOH or 1 N HCI. The solutions were 
then heated at 90°C. for four hours in nitrogen, quenched in ice water, and the 
viscosities measured. A shear rate of 100 sec.-' was common to the measure- 
ments. The specific viscosities of the heated solutions, at this rate of shear, 
are plotted against pH in Fig. 4. (7.p)s-100 for the unheated blank was 18.65. 
Maximum stability is observed around pH 9, although even at this pH a 
significant decrease in viscosity has occurred. 





OF 








Fic. 4. Effect of [H*]. 


The course of the degradation at pH 10 in 0.5 M sodium carbonate — bicar- 
bonate buffer was studied at 90°C. in nitrogen. The results could be compared 
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over a range of shear rates. Measurements at three shear rates are given in 
Table II. The plot of 1/[n]:—1/[n]o against ¢ was found to be independent of 
the rate of shear and showed the initial rapid degradation illustrated pre- 
viously. 


TABLE II 
DEGRADATION OF EXTRACT G IN CARBONATE-BICARBONATE BUFFER AT pH 10.0 IN NITROGEN 











Time (hours) [n] at 100 sec.~! [n] at 200 sec.~} [n] at 300 sec.~! 
0 22.2 21.6 20.7 
2.7 16.0 15.7 15.4 
17.0 12.0 11.6 11.5 
48.25 9.6 9.3 9.1 
126.0 6.45 6.4 6.4 





Products of Degradation 


Attempts were made to identify some of the products of degradation using 
polarographic and spectrophotometric methods. The only products conclus- 
ively identified were 5-hydroxymethyl-2-furaldehyde (HMF) and formic acid. 
The presence of the former was established by comparison of its ultraviolet 
absorption spectrum and polarograms with those of an authentic sample, 
and of the latter by chemical tests supplemented by its polarographic behavior. 

Three hundred milliliters of a 1% solution of extract H in water was 
autoclaved for three hours at 127°C. and 21 Ib. The resulting light brown 
solution (pH 5) was extracted with ethyl acetate. The absorption spectrum 
of the extract (Amax = 2750 A) was not identified. The solution, after extrac- 
tion, was boiled under reflux for a further 36 hr. The pH dropped to 2 and 
the solution darkened further in color. This solution was.extracted continuously 
with ether for eight hours. The ether extract, which was light brown in color 
and highly acidic, had a strong penetrating odor resembling that of formic 
or acetic acid. On distilling off the ether under reduced pressure and allowing 
the vapors to pass through an ice trap, a few milliliters of a colorless liquid 
were collected. This gave the usual tests for formic acid. Polarograms in dilute 
buffered and unbuffered solution were exactly similar to those obtained using 
dilute formic acid. In unbuffered solution, well-defined waves having half-wave 
potentials Ey of —1.61 v. and —1.57 v. (vs. S.C.E.) were obtained at pH 3.6 
and 2.9 respectively. In buffered solution (pH 6.3) the waves were less clearly 
defined and had E; = —1.80 v. From the magnitude of the diffusion currents 
the yield of formic acid was estimated to be approximately 3% of the weight 
of carrageenin. 

The brown residue remaining after removal of the ether dissolved only 
partly in water. The absorption spectrum of the dilute filtered solution was 
identical with that of HMF prepared by the method of Haworth and Jones 
(6). In addition, polarograms of this solution and of HMF showed identical 
half-wave potentials under the same conditions. This solution also gave 
positive tests with Fehling’s solution, a-naphthol — sulphuric acid and re- 
sorcinol-HC1 reagents, indicating that this compound is most probably 
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responsible for the positive ketose tests so often reported for carrageenin 
(3, 4, 5, 12, 14). 

After extracting with ether, the solution of degraded carrageenin was still 
brown in color and still acidic. Attempts to isolate further low-molecular- 
weight products, however, were unsuccessful. A sensitive photometric test 
(1) for furfural was applied to further extracts of degraded carrageenin with 
negative results. Control tests showed that furfural could have been detected 
in 0.002% concentration. Tests for reductic acid, using sodium-2,6-dichloro- 
benzenoneindophenol (2) on several acid fractions, were also negative. 

Origin of HMF 

The yield of HMF from carrageenin was found to be 31 times larger than 
from D-galactose under the same conditions. A 10% gel of carrageenin and a 
10% solution of D-galactose each in 1% HCl were heated on a steam bath 
for one and one-half hours. After neutralizing the solutions with NaOH, 
buffering with phosphate, and diluting, the absorption spectra were compared. 
The ratio of the peak heights at \ 2825 A gave the relative yields of HMF. 

That HMF did not originate from the liberation of ketose residues or from 
2-keto gluconic acid was indicated by heating solutions of inulin and calcium-2- 
ketogluconate under the same conditions as carrageenin and comparing 
the absorption spectra. This was further verified by the absence of spots due 
to these compounds on paper chromatograms of various solutions of degraded 
carrageenin (11). 

Yield of HMF from Extract G 

(a) In Air 

A 0.0856% aqueous solution of extract G was heated at 90°C. in air for 
102 hr. The pH dropped from 6.18 to 2.88. The solution was titrated potentio- 
metrically with 0.005 NV NaOH. Found: pK = 3.79. Alkali, 15.8 ml., neutral- 
ized 20 ml. solution. The absorption spectrum of the neutral solution was 
similar to HMF and had an optical density of 1.13 at \ 2825 A. A test for free 
sulphate was positive. 

To calculate the total yield of HMF, it was first assumed that all the sulphate 
groups in the polymer had been hydrolyzed. Taking a value of 25% for the 
sulphate content (as SO,) of the polymer, the acidity due to this cause was 
calculated. The remaining acidity may then be attributed to organic acids. 
On the basis that these consisted of formic and levulinic acids arising from 
the decomposition of HMF, the yield of HMF required to account for this 
was calculated to be 0.01083 gm./100 ml. From its extinction coefficient (7) 
at \ 2825 A, the yield of free HMF was found to be 0.00152 gm./100 ml. 
The total HMF calculated in this way represents a maximum yield of 14.4% 
of the weight of carrageenin. 

(b) In Nitrogen 

A 0.104% aqueous solution of extract G was heated in nitrogen at 90°C. 
Examination of the absorption spectrum at various times showed that HMF 
was formed considerably more slowly than in air. Slight absorption (Amex 
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2600 A, D = 0.23; Amm 2420 A, D = 0.195) appeared after 164 hr., but the 
spectrum of HMF was not observed until later. The yield of HMF after 
264.5 hr. was only 1.05%, the rate of formation being approximately 1/35 of 
that in the presence of air. 


DISCUSSION 


It is apparent that the decrease in viscosity which occurs on mild hydrolysis 
of carrageenin is associated with the liberation of HMF, and that this does not 
arise from the galactan portion of the molecule nor from ketose residues in 
the chain. The negative furfural test indicated that the degradation was not 
due to the liberation of pentose sugars. 

Recent work (13) has revealed the presence in carrageenin of two distinct 
components, the relative amounts of which vary in different preparations 
according to the method of extraction. It has also been found (10) that 3,6- 
anhydro-p-galactose is a constituent of the so-called «-, or gelling, component. 
Several features of the present results may be interpreted in the light of these 
observations. 

O’Neill has pointed out (10) that 3,6-anhydro-p-galactose would be expected 
to yield HMF readily on heating, particularly in acid solution, and the forma- 
tion of this compound is thus accounted for. The yield of HMF is high in 
unbuffered solution in air on account of the drop in pH, which catalyzes its 
formation. The value of 14.4% found for the yield from extract G may be 
compared with the value of 18.7% for the pure «x fraction (10). This indicates 
a high percentage of x-carrageenin in this extract. 

The random degradation may thus be attributed to the splitting out of 
3,6-anhydro-D-galactose residues from the polysaccharide. The difference in 
rate observed for extracts F and G may be due to a higher proportion of these 
residues in the former extract. If the degradation is attributed to the instability 
of the «x fraction, the result indicates a higher percentage of this fraction in 
extract F. This is in accord with the results of Smith and Cook (13) who 
showed that a 60°C. extract contained a greater proportion of the « fraction 
than an extract of the residue at higher temperatures. 

Previous results (8) indicated the absence in extract F of long chains of 
1-3 linked D-galactose residues, as this extract could be degraded randomly 
to very low viscosities. For extract G, however, the limiting viscosity reached 
on degradation at pH 7.0 (Fig. 2) may correspond to the presence of such 
residues. Whether this is an actual portion of the molecule or a separate 
component is not at present known. 

The rate of random degradation of extract G will, of course, be lower than 
that of extract F by virtue of the presence of this stable residue. Allowance 
has therefore been made for this by plotting the quantity [1/({9],—2.15)]— 
[1/([n]o—2.15)] against time for the early stages of random degradation of 
extract G, and comparing the rate curve with that obtained for extract F. 
The cortection is, however, insufficient to account for the difference in rates 
for the two extracts. This indicates that the component responsible for random 
degradation in extract G is not identical with that in extract F. Further 
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studies, using separate fractions of carrageenin, are obviously necessary to 
explain this difference in rate. 


From a practical aspect, the results indicate that for extraction of carra- 


geenin with minimum of degradation, best results are to be obtained at pH 9 
in the presence of salts, and with the exclusion of dissolved oxygen if the 
temperature exceeds 60°C. 
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SULPHATED DERIVATIVES OF LAMINARIN!? 


By A. N. O’NEILL 


ABSTRACT 


The polysaccharide, laminarin, was prepared from the marine alga, Laminaria 
— and was sulphated with chlorosulphonic acid in pyridine and in liquid 
sulphur dioxide at temperatures below 0°. Derivatives containing both O-sul- 
phate and N-sulphate groups were prepared by sulphating §-aminoethyl ethers 
of laminarin obtained by the reaction of laminarin with ethylenimine. These 
derivatives were found to act as anticoagulants for blood in vitro. The prepara- 
tions with highest sulphate were most active, and for equivalent sulphate that 
with both O-sulphate and N-sulphate groups was more active than the one 
containing only the former. 


INTRODUCTION 


A naturally occurring blood anticoagulant was isolated in 1916 by McLean 
(15) from liver and bovine heart. It was named heparin by Howell and Holt 
(9). Structural studies (25, 6, 12) have shown that it is a polysaccharide 
composed of D-glucuronic acid and D-glucosamine residues (1:1). Extensive 
work has indicated that the anticoagulant activity of heparin is dependent 
largely upon the degree of sulphation (11.3% S). Recently it has been shown 
(13, 17, 24, 26) that the amino groups in the molecule are sulphated and that 
these are readily removed by mild hydrolysis resulting in essentially complete 
inactivation. The molecular weight of heparin has been reported to be 15,000- 
20,000 (16, 26). 

In 1935 Bergstrém (2) discovered that polysaccharides which contained 
sulphate groups had anticoagulant activity while similar derivatives of mono- 
and di-saccharides were inactive. Since that time a number of synthetic 
anticoagulants have been prepared by sulphating such polysaccharides as 
chondroitin sulphuric acid (2, 14), cellulose (14, 5, 1), inulin (10), starch (1), 
chitin (14, 1), alginic acid (19), and dextran (21). These sulphated derivatives 
had the disadvantage of possessing a much lower anticoagulant activity and a 
much higher toxicity than heparin. In view of recent work (26, 27, 7) the low 
activity can be attributed to their lack of sulphamic acid groups and the 
toxicity to their high molecular weights. 

Laminarin, a water-soluble polysaccharide composed of D-glucopyranose 
units joined through C, and C; by 6-glucosidic linkages, is found in some brown 
marine algae. It occurs in greatest amount in the fronds of Laminaria, and 
comprises 30-50% of the dry plant. The molecular weight of laminarin has 
been reported (20) to be about 4000-8000, and hence this polysaccharide 
should be suitable for the preparation of anticoagulants without recourse to 
partial hydrolysis and fractionation as has been found necessary for other 
polysaccharides. 

1Manuscript received February 11, 1955. 

Contribution from the National Research Council, Maritime Regional Laboratory, Halifax, 
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RESULTS AND DISCUSSION 


Since it was desirable that sulphation be accomplished without serious 
degradation of the polysaccharide, attempts were made to carry out the re- 
action of laminarin with chlorosulphonic acid in pyridine at —5 to —15°. 
This, however, was not completely satisfactory since the maximum sulphate 
content obtained was only 35% or about one sulphate half-ester group per 
glucose unit. The degree of sulphation below this value could be varied by 
changing the proportion of chlorosulphonic acid in the reaction mixtures. 
By increasing the temperature to 65-70° preparations could be obtained 
with higher sulphate but these were severely degraded as noted from their 
color and reducing properties. 

The derivatives with highest sulphate were prepared by treating laminarin 
with a solution of chlorosulphonic acid in liquid sulphur dioxide at —20°. 
By this procedure preparations were obtained containing 1.7 sulphate groups 
per glucose unit. These were white in color and nonreducing and showed no 
noticeable degradation. Liquid sulphur dioxide is an excellent solvent for 
chlorosulphonic acid and it may be readily removed by simple evaporation. 
The reaction is heterogeneous since the polysaccharide is not soluble in this 
solvent. The use of sulphur dioxide as a solvent was proposed previously for 
preparing arylsulphonic acids (4, 22), and was used by Meyer (18) for the 
sulphation of chondroitin sulphuric acid with sulphur trioxide. 

Derivatives of laminarin containing primary amino groups which could be 
sulphated to the corresponding sulphamic acid residues at first proved difficult 
to prepare. All attempts to replace tosyl groups by amino in a derivative in 
which the primary alcohol groups had been tosylated were not successful. 
However the introduction of such groups was readily accomplished with 
ethylenimine, whereby a 6-aminoethy] ether derivative was obtained. This is a 
general reaction for polysaccharides and was carried out in a closed flask in the 
presence of an emulsifying agent at 80—-90°. The degree of substitution was 
controlled by varying the proportion of ethylenimine in the reaction and 
preparations containing from 0.5 to 1.0 6-aminoethyl residues per mono- 
saccharide unit were obtained. Several side reactions may occur such as the 
formation of a polyethylenimine ether and a hydroxyethylimine of laminarin. 
However agreement between the nitrogen analyses by the Kjeldahl and Van 
Slyke methods indicated that essentially all of the nitrogen was in the form 
of primary amino groups and hence the derivatives were the 6-aminoethyl 
ethers. These derivatives formed very basic and highly viscous solutions in 
warm water. They were sulphated with chlorosulphonic acid in liquid sulphur 
dioxide to give products containing both sulphamic acid and half-ester sul- 
phate groups. 

The neutral sodium salts of all these derivatives were tested for their 
anticoagulant activities in comparison with a standard heparin by the method 
of Howell as modified by Charles and Scott and described by Jaques and 
Charles (11). The only modification was that freshly drawn human venous 
blood was used instead of that from the cannulated carotid artery of a cat. 
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TABLE I 


COMPARISON OF THE ANTICOAGULANT ACTIVITIES OF SULPHATED DERIVATIVES OF LAMINARIN 
WITH THAT OF A STANDARD HEPARIN BY im vitro ASSAY 








Preparation Description of material Sulphate, % Activity, 
1.U. per mgm. 





Heparin Standard from Connaught Medical Research ‘ 

Laboratories 100 

1 Laminarin sulphated at —20° with chloro- 
sulphonic acid in liquid sulphur dioxide 46.5 25 

2 8-aminoethyl ether of laminarin (7.28% N) 

sulphated at —20° with chlorosulphonic 
acid in liquid sulphur dioxide 46.2 40 

3 B-aminoethyl ether of laminarin (3.2% N) 

sulphated at —20° with fluorosulphonic 
acid in liquid sulphur dioxide 43.8 20 

Laminarin sulphated at —10° with chloro- 
sulphonic acid in pyridine 32.8 6 

Laminarin sulphated at —5° with chloro- 
sulphonic acid in pyridine 35.0 6 

Laminarin sulphated at —15° with chloro- 
sulphonic acid in pyridine 29.6 6 

8-aminoethyl ether of laminarin (7.28% N) 

sulphated at 90° with chlorosulphonic acid 
in pyridine. Highly degraded 39.1 6 


oo Oo 


“J 





The apparent potency of the sulphated laminarins, assuming the standard 
heparin to contain 100 I.U. per mgm., is shown in Table I. In general, pre- 
parations with highest sulphate groups per glucose residue had an anticoagu- 
lant activity of 25-30% that of a standard heparin. The material prepared by 
sulphating a B-aminoethy] ether of laminarin, which contained 7.28% nitrogen, 
had an activity of 35-40% that of heparin. This derivative contained both 
sulphamic acid and half-ester sulphate groups. 

These results have been confirmed by in vivo studies in rats and dogs and are 
to be reported elsewhere (8). 


EXPERIMENTAL 
Preparation of Laminarin 
The soluble form of laminarin was prepared from local Laminaria digitata 
(3). The yield from 500 gm. of dried plant was 85 gm.; [a]?#—12.2° (c 3.0, 
water), ash 0.8%. 
Sulphation of Laminarin 


(a) With chlorosulphonic acid in pyridine.—Dried, finely powdered lamina- 
rin (5.0 gm.) was dissolved in 50 ml. of pyridine and 20 ml. of formamide and 
the solution cooled to —5°. The pyridine had been freshly distilled over 
phosphorus pentoxide. Freshly distilled chlorosulphonic acid (6.0 ml.) was 
dissolved in dry chloroform (25 ml.) and added dropwise over a period of 30 
min. to the solution of laminarin. The mixture was rapidly stirred at —5° 
for three hours and then allowed to stand at this temperature overnight. 
Sufficient ice and water were added to dissolve the precipitated derivative 
followed by sodium bicarbonate until the evolution of carbon dioxide ceased. 
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The solution was exhaustively extracted with ether, and the resulting aqueous 
solution neutralized to phenolphthalein with dilute sodium hydroxide and 
dialyzed until free from sulphate. The sulphated derivative was precipitated 
by the addition of ethyl alcohol and a little sodium chloride. It was washed 
with absolute ethanol and ether and finally dried to a white powder. Yield, 
8.6 gm.; sulphate, 35.0%. 

(b) With chlorosulphonic acid in liquid sulphur dioxide Commercial 
gaseous sulphur dioxide from a cylinder was dried by passage through three 
drying towers containing respectively silica gel, sulphuric acid, and phosphorus 
pentoxide. It was condensed in a flask which was protected from atmospheric 
moisture and was immersed in a bath of dry ice and acetone. The liquid 
sulphur dioxide (120 ml.) was cooled in an ice-salt bath to —20°. Freshly 
distilled chlorosulphonic acid (3 ml.) was added followed by 2.0 gm. of dry 
laminarin. The mixture was continuously stirred at —20° for six hours and 
then the sulphur dioxide was allowed to evaporate. On completion of the evap- 
oration 100 ml. of N sodium hydroxide at —5° were added to dissolve the 
solid residue. The solution was neutralized with sodium hydroxide. It was 
dialyzed against running water for two days and against distilled water for one 
day. The dialyzed solution was concentrated in vacuo to 200 ml. and the sulpha- 
ted laminarin precipitated by pouring the solution into 1000 ml. of 95% ethanol 
containing a small amount of sodium chloride. The precipitate was centri- 
fuged, washed with absolute ethyl alcohol, with ether, and dried. Yield, 4.0 
gm.; sulphate, 46.5%. 


Preparation of Ethylenimine 

Ethylenimine was prepared from 8-aminoethyl sulphuric acid by heating 
with sodium hydroxide (23). It was purified by distilling over potassium 
hydroxide through a 15 in. Widmer column and collecting the fraction boiling 
between 56° and 58°. It was stored in the refrigerator over solid sodium 
hydroxide. 


Reaction of Laminarin with Ethylenimine 

Air-dried laminarin (5.0 gm.) and 0.5 ml. of a 1% solution of emulsifier 
BRIJ 35 (Atlas Powder Co.—polyoxyethylene lauryl alcohol) were mixed to a 
paste and 4.8 ml. (4.0 gm.) of ethylenimine were added. The mixture was 
stirred in a closed reaction flask at 80—90° for four hours. The resulting material 
was dissolved with some difficulty in 200 ml. of warm water. After cooling, 
the viscous solution was filtered through a sintered glass funnel of medium 
porosity and poured with stirring into 1000 ml. of ethyl alcohol. The precipitate 
was recovered by centrifugation, washed with aqueous methyl alcohol acidified 
with hydrochloric acid, absolute ethanol, and finally with ether. It was dried 
in vacuo. Yield, 7.7 gm.; N (Kjeldahl) 7.28%, (Van Slyke) 6.9%. 


Sulphation of the B-Aminoethyl Ether 

An amount of 1.6 gm. of the above material was sulphated in 100 ml. of 
liquid sulphur dioxide with 2.6 ml. of chlorosulphonic acid in the same manner 
as described for laminarin. Yield, 2.5 gm.; sulphate, 46.2%. 
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CARBOHYDRATE THIOETHERS 
I. 6-DEOXY-6-THIOETHYL-p-GALACTOSE! 


By SAMUEL B. BAKER 


ABSTRACT 


A thioalkyl derivative has been synthesized by two distinct methods. One of 
these methods left no doubt as to the structural configuration. It is suggested 
that the other method of synthesis yields first an epoxy anhydro derivative 
which on further reaction leads to the thioalkyl carbohydrate, namely, 6-deoxy- 
6-thioethyl-p-galactose. 


Thioalkyl substituted carbohydrates in which the sulphur atoms were not 
linked to the glycosidic carbon atoms were first obtained by Raymond (6) and 
by Brigl and Schinle (1). 

Levene and Raymond (4) synthesized 3,5-anhydro-1,2-isopropylidene-p- 
xylofuranose (II) and, unequivocally, determined the structure of this sub- 
stance. Hot methanolic sodium methylate led to the formation of a monomethyl 
pentose, after removal of the isopropylidene group. This methyl pentose, 
being different from the known 3-methyl-D-xylose, was assumed to be 5- 
methyl-p-xylofuranose (IV). 

Raymond (6) then synthesized a substance which he considered to be 
5-deoxy-5-thioethyl-D-xylose (III) by treating 1,2-isopropylidene-5-O-p- 
tolylsulphonyl-p-xylofuranose (I) with two molecular equivalents of dry 
potassium ethanethiolate followed by hydrolysis of the isopropylidene group. 
Owing to the fact that the C-3 position had an hydroxyl group, it is probable 
that under the conditions of the experiment anhydridization would occur 
and the anhydro derivative (11) would cleave in the presence of the second 
molecular equivalent of potassium ethanethiolate (3) to yield the product 
1,2-isopropylidene-5-deoxy-5-thioethyl-p-xylofuranose. 

In similar manner, this worker (6) obtained 6-deoxy-6-thiomethyl-D-glucose 
from 1,2-isopropylidene-6-O-p-tolylsulphonyl-D-glucofuranose and two mole- 
cular equivalents of dry potassium methanethiolate. The intermediate 5,6- 
anhydro-1,2-isopropylidene-D-glucofuranose would be formed and this would 
then cleave to yield the glucose thioether. 

The present publication pertains to a third w-thioalkyl aldose, namely 
6-deoxy-6-thioethyl-D-galactose (XII) that was obtained by two methods, 
one of which left no doubt as to the configuration. In the first method, 1,2-3,4- 
diisopropylidene-6-O-p-tolylsulphonyl-D-galactose (V) was treated with con- 
centrated hydrochloric acid and ethanethiol. The isopropylidene groups 
were cleaved and the tolylsulphonyl aldose reacted with the ethanethiol to 
yield 6-O-p-tolylsulphony!-D-galactose diethyl thioacetal (VI). This product 
was then treated with two molecular equivalents of dry sodium ethanethiolate 
to give the substance VII, 6-deoxy-6-thioethyl-D-galactose diethyl thioacetal. 
In addition, when VI was treated with one molecular equivalent of sodium 


1Manuscript received November 19, 1954. 
Contribution from the Research Institute, Montreal General Hospital, Montreal, Quebec. 
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methylate and the reaction product acetylated, a sirup was obtained. Treating 
the sirup with one molecular equivalent of sodium ethanethiolate yielded 
VII. 

The second method of preparation of 6-deoxy-6-thioethyl-p-galactose 
(XII) left no doubt about its structural configuration. One molecular equi- 
valent of 1,2-3,4-diisopropylidene-6-O-p-tolylsulphonyl-D-galactose (V) was 
heated in a suitable solvent with one molecular equivalent of sodium ethane- 
thiolate. The sirupy product, after hydrolysis to remove the two isopropylidene 
groups, yielded XII. Possibly the tolylsulphonyloxy group was cleaved to 
yield a carbonium ion and since there were no free or potential hydroxyl 
groups under the reaction conditions employed, anhydro ring formation 
could not occur. The nucleophilic thioethyl group reacted with the electrophilic 
carbonium center. 

Acetylation of VII, 6-deoxy-6-thioethyl-p-galactose diethyl thioacetal, 
yielded the tetraacetate VIII. This latter substance (VIII) formed aldehydo- 
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2,3,4,5-tetraacetyl-6-deoxy-6-thioethyl-D-galactose (IX) on reaction with 
mercuric chloride and cadmium carbonate in methanol-free acetone. The 
aldehydo derivative (IX) reacted directly with ethanol to yield the hemiacetal 
(X). This phenomenon appears to be general for aldehydo acetyl sugars 
(2, 8). Mercuric chloride and cadmium carbonate, on reaction with VIII, in 
the presence of absolute methanol and absolute ethanol yielded the dimethyl 
and diethyl acetals, respectively, of 2,3,4,5-tetraacetyl-6-deoxy-6-thioethyl-p- 
galactose. 


EXPERIMENTAL 

1,2-3,4-Dtisopropylidene-6-deoxy-6-thioethyl-D-galactose 

1,2-3,4-Diisoproylidene-6-O-p-tolylsulphonyl-D-galactose (7) (V) (60 gm.) and 
freshly prepared dry sodium ethanethiolate (16 gm.) were dissolved in N,N- 
dimethylformamide (275 cc.). The reaction mixture was heated at 100° for 
two hours and after cooling to room temperature it was poured into cold 
water (2000 cc.). A sirup separated, and after it had been left to stand for 
two hours at 5°, it was taken up in ether. The ethereal solution was dried over 
sodium sulphate, filtered; and the filtrate concentrated im vacuo. The resulting 
viscous sirup weighing 39 gm. (89%) did not crystallize from any solvent and 
it was distilled at 123—126°/0.12 mm. yielding 33.4 gm. (76%). A portion was 
redistilled at 124—126°/0.12 mm. yielding a colorless viscous sirup which was 
insoluble in water but soluble in all common solvents including petroleum 
ether. The refractive index was n?4° 1.4795 and [a]??°—85.7° (CHCls; c, 
6.5052). Anal.: Calc. for CisHosSO;: C, 54.28; H, 7.89; S, 10.52. Found: 
C, 54.06; H, 7.96; S, 10.6. 
6-Deoxy-6-thioethyl-D-galactose (XII) 

The sirupy 1,2-3,4-diisopropylidene-6-deoxy-6-thioethyl-D-galactose (30 gm.) 
was dissolved in 95% ethanol (250 cc.). Water (100 cc.) containing sul- 
phuric acid (5 cc.) was added and the solution was heated for two hours 
at 70°. The hot solution was then diluted with hot water (350 cc.) and neutral- 
ized with an excess of barium carbonate. The barium salts were removed by 
centrifugation and the clear supernatant was concentrated im vacuo at 40°. 
Traces of water were removed by three codistillations with absolute ethanol 
and the dry, somewhat turbid, sirup was dissolved in absolute ethanol (125 cc.) 
and the solution was treated with charcoal to remove the turbidity and a trace 
of color. Ether was added to the colorless solution until it became slightly 
turbid, and crystallization occurred on extended cooling at — 20°. The product 
was recrystallized from a small volume of absolute ethanol and the yield was 
14.7 gm. (67%), m.p. 98-100°, and [a]??°+73.8° equil. (water; c, 1.3536). 
Anal.: Calc. for CsHisSO;: C, 42.85; H, 7.14; S, 14.28. Found: C, 42.78; 
H. 7.21; S, 14.19. 
6-O-p-Tolylsulphonyl-pD-galactose Diethyl Thioacetal (VI) 

1,2-3,4-Diisopropylidene-6-O-p-tolylsulphonyl-p-galactose (V) (25 gm.) was 
dissolved in ethanethiol (30 cc.). Concentrated hydrochloric acid (25 cc.) 
was added and the mixture was agitated on the shaking machine for one hour. 
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The colorless reaction mixture became milky with the partial separation of 
reaction product and after cooling to 5° the mixture was cautiously neutralized 
with cold ammonium hydroxide. Petroleum ether (30-60°) was added and the 
heterogeneous mixture stirred well and allowed to stand at 5° for about one 
hour. The mixture was filtered and the reaction product washed with cold 
water and finally with petroleum ether (30—60°). The yield was 15 gm. (64%) 
and, after one recrystallization from hot acetone, the melting point was 
114-115° and [a]??°+7.5° (pyridine; c, 8.6314). Further recrystallization did 
not alter these constants. The literature (5) reports m.p. 115° and [a]?°+7.66° 
(pyridine). 


6-Deoxy-6-thioethyl-D-galactose Diethyl Thioacetal (VIII) 


(1) 6-O-p-Tolylsulphonyl-D-galactose diethyl thioacetal (VI) (3.5 gm.) 
and sodium ethanethiolate (1.4 gm., 2 mol. equiv.) were dissolved in anhy- 
drous N,N-dimethylformamide (40 cc.). The mixture warmed spontaneously 
and it was then heated at 100° for two hours, cooled to 15°, and the sodium 
p-toluenesulphonate was removed by filtration. The filtrate was added to 
cold water and the separated feathery mass was filtered, washed with a small 
volume of cold water, and then air-dried. It was recrystallized from acetone 
and an additional crop was obtained from the mother liquor. The combined 
yield was 2.2 gm. (90%), the melting point was 157-158°, and the optical 
rotation [a]?#°—6.2° (pyridine; c, 4.0292). Anal.: Calc. for Ci2H26S30.: C, 
43.63; H, 7.87; S, 29.1. Found: C, 43.6; H, 7.94; S, 29.1. 

(2) 6-O-p-Tolylsulphonyl-pD-galactose diethyl thioacetal (VI) (4 gm.) was 
suspended in anhydrous methanol (50 cc.). A solution (10 cc.) of sodium 
methylate, containing 0.2 gm. (1 mol. equiv.) of sodium, was added. Solution 
occurred rapidly and, after the reaction mixture had been allowed to stand for 
six hours at 22°, carbon dioxide was passed into it to destroy any unreacted 
sodium methylate. The reaction mixture was then concentrated im vacuo at 
40° and the dry residue containing sodium p-toluenesulphonate was acetylated 
with pyridine and acetic anhydride. The reaction mixture was poured into 
cold water and after it had stood for 24 hr. at 22° the sirup did not crystallize. 
The sirup was taken up in ether and the ethereal solution was dried over 
sodium sulphate and the solvent removed im vacuo. The resulting sirup, 
probably 5,6-anhydro-p-galactose diethyl thioacetal triacetate, was dissolved 
in N,N-dimethylformamide (50 cc.) and dry sodium ethanethiolate (0.8 gm.) 
was added. The solution was allowed to stand overnight at 5°, heated one hour 
at 100°, cooled to room temperature, and then added to cold water (150 cc.). 
The product that separated was air-dried and recrystallized from acetone. 
The yield was 2 gm. (66%) and the melting point, 157-158°, was not depressed 
when a sample was admixed with 6-deoxy-6-thioethyl-D-galactose diethyl 
thioacetal. 

(3) 6-Deoxy-6-thioethyl-galactose and 1,2-3,4-diisopropylidene-6-deoxy-6- 
thioethyl-p-galactose were each mercaptalated by the usual hydrochloric 
acid — ethanethiol method and the products that were isolated in each case 
were recrystallized from acetone and melted at 157-158°. Mixed melting point 
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determinations with authentic samples of 6-deoxy-6-thioethyl-p-galactose 
diethyl thioacetal showed identity. 


2,3,4,5-Tetrabenzoyl-6-deoxy-6-thioethyl-p-galactose Diethyl Thioacetal 

6-Deoxy-6-thioethyl-D-galactose diethyl thioacetal (VII) (7.8 gm.) was 
dissolved in anhydrous pyridine (50 cc.). The solution was cooled to —10° 
and benzoyl chloride (14.8 gm.) was added dropwise with stirring. The 
reaction mixture was then allowed to stand overnight at room temperature 
and finally poured into water. Solid potassium bicarbonate was added to 
dissolve benzoic acid that arose from the excess benzoyl chloride used. The 
sirupy product did not crystallize and it was extracted with chloroform. The 
chloroform solution was dried over anhydrous sodium sulphate, filtered, and 
then concentrated im vacuo. The light yellow sirup was dissolved in 99% 
ethanol and petroleum ether (30-60°) was added until the solution became 
slightly turbid. The solution was cooled to —20° and an oil separated. More 
99% ethanol was added so that the oil was just redissolved and further cooling 
caused the deposition of a crystalline product. The material was again recrys- 
tallized from a small volume of absolute ethanol. The yield was 11.7 gm. 
(71%) and the substance melted at 90-91°. The substance rotated [a]??°+5.8° 
(CHCI3; c, 5.5592). Anal.: Calc. for C4oH42S303: C, 64.34; H, 5.63; S, 12.87; 
C.H;CO, 56.3. Found: C, 64.28; H, 5.71; S, 12.9; CsH;CO, 56.1. 


2,3,4,5-Tetraacetyl-6-deoxy-6-thioethyl-D-galactose Diethyl Thioacetal (VIII) 

6-Deoxy-6-thioethyl-D-galactose diethyl thioacetal (VII) (23 gm.) was 
suspended in anhydrous pyridine (75 cc.) and acetic anhydride (50 cc.). 
The reaction mixture was allowed to stand overnight at room temperature 
and the colorless solution was poured into a large volume of cold water. A 
sirup separated and it solidified within 30 min. The solid was broken up, 
filtered, and washed to remove pyridine. The substance was dissolved in 
ether and the solution dried over anhydrous sodium sulphate and then filtered. 
The filtrate was concentrated to about 50 cc. and petroleum ether (30—60°) 
was added until the solution became turbid. The turbidity was cleared with 
several drops of ether and after cooling for 48 hr. at —20° large colorless 
hexagonal crystals separated. The product melted at 77.5-78° and rotated 
[a]??°—4.9° (CHCIs; c, 7.6792). The yield was 30.5 gm. (88%). Anal.: Calc. 
for CooH34S303: C, 48.19; H, 6.82; S, 19.27; CH;CO, 34.54. Found: C, 48.06; 
H, 7.02; S, 19.2; CH;CO, 34.4. 


Aldehydo-2,3,4,5-tetraacetyl-6-deoxy-6-thioethyl-D-galactose (IX) 
2,3,4,5-Tetraacetyl-6-deoxy-6-thioethyl-p-galactose diethyl thioacetal (VIII) 
(5 gm.) was dissolved in methanol-free acetone (100 cc.) and cadmium 
carbonate (20 gm.) was added, followed by mercuric chloride (11 gm.). The 
mixture was heated under reflux for five hours, filtered hot into fresh cadmium 
carbonate, and the filter washed twice with hot methanol-free acetone. The 
combined filtrates were concentrated to dryness in the presence of cadmium 
carbonate. The residue was refluxed with three portions of absolute reagent 
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diethyl ether (containing not more than 0.01% ethanol) and the combined 
ether solutions were washed with 10% aqueous potassium iodide solution to 
remove the mercury compounds. The washed ether solution was dried over 
anhydrous sodium sulphate, filtered, and then concentrated to about 20 cc. 
Cooling at — 15° caused precipitation of the product and after filtration it was 
washed once with pure absolute diethyl ether (5 cc.) at —15°. The yield was 
3.2 gm. (82%) and the substance melted at 102—103° and rotated [a]?*°—28.7° 
(CHCl;—ethanol free; c, 1.772). Mutarotation occurred in USP chloroform 
probably owing to the direct combination with the ethanol found in USP 
chloroform to form the hemiacetal (X). Anal.: Calc. for CigHasSOg: C, 48.98; 
H, 6.12; S, 8.16; CH;CO, 43.8. Found: C, 48.91; H, 6.41; S, 8.2; CH;CO, 
43.6. 

2,3,4,5-T etraacetyl-6-deoxy-6-thioethyl-D-galactose Ethyl Hemiacetal (X) 

A sample of the aldehydo derivative (IX) (2 gm.) above was dissolved in 
hot absolute ethanol (5 cc.). The solution was allowed to stand overnight at 
room temperature when crystallization occurred. The product was recrystal- 
lized from toluene, m.p. 129.5-130° and [a]?#°—3.05° (CHCl3; c, 5.0728). 
Anal.: Calc. for CisH3eSO.o: C, 49.31; H, 6.82; S, 7.3. Found: C, 49.24; H, 
6.98; S, 7.8. The semicarbazones were made from [X and from the hemiacetal 
(X) by the usual method of water and potassium acetate and after recrystal- 
lization from hot water the melting points and mixed melting points were 
202-204°. Anal.: Calc. for Ciz7H27SN;0,9: N, 9.35; S, 7.12. Found: N, 9.28; 
S, 7.1. 


2,3,4,5-T etraacetyl-6-deoxy-6-thioethyl-D-galactose Dimethyl Acetal 


2,3,4,5-Tetraacetyl-6-deoxy-6-thioethyl-p-galactose diethyl thioacetal (VIII) 
(11.2 gm.) was dissolved in anhydrous methanol (150 cc.). Powdered 
cadmium carbonate (50 gm.) and mercuric chloride (26 gm.) were added and 
the mixture was refluxed vigorously for four hours. The reaction mixture was 
allowed to stand overnight at room temperature. Additional quantities of 
cadmium carbonate (30 gm.) and anhydrous methanol (150 cc.) were added 
and the mixture refluxed for three hours. The hot mixture was filtered into 
some cadmium carbonate in a distilling flask and the filtrate was concentrated 
to dryness im vacuo at 40°. Chloroform (200 cc.) was added, the solution 
filtered, and the filtrate extracted twice with 10% potassium iodide solution 
to remove soluble mercury compounds. The chloroform solution was dried 
over anhydrous sodium sulphate, the mixture filtered, and the filtrate con- 
centrated to dryness in vacuo at 40°. The resulting sirup was dissolved in a 
small volume of ether, and petroleum ether (30—-60°) was added to turbidity. 
Cooling at —15° caused precipitation. The product was recrystallized twice 
from ether — petroleum ether and once from a large volume of hot petroleum 
ether (65-110°). The yield was 6.8 gm. (69%) and the melting point 89-90° 
and rotation [a]?#°+6.1° (CHCIs; c, 4.0592). Anal.: Calc. for CisHs0SOio: 
C, 49.31; H, 6.82; S, 7.3; CH;CO, 40.1. Found: C, 49.11; H, 6.88; S, 7.3; 
CH;CO, 39.8. 
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2,3,4,5- 7 etraacetyl-6-deox y-6-thioethyl-D-galactose Diethyl Acetal (XJ) 

2,3,4,5-Tetraacetyl-6-deoxy-6-thioethyl-D-galactose diethy] thioacetal (XI11) 
(5 gm.) was dissolved in absolute ethanol (100 cc.). Cadmium carbon- 
ate (25 gm.) was added followed by mercuric chloride (11 gm.). The mixture 
was refluxed for two hours, filtered into fresh cadmium carbonate, then con- 
centrated to dryness. The residue was extracted with three portions (50 cc.) 
of hot chloroform and after filtration, the chloroform solution was washed 
twice with 10% potassium iodide solution to remove soluble mercury com- 
pounds. The solution was dried over sodium sulphate, filtered, and concen- 
trated in vacuo to a thick sirup, which crystallized on standing. The solid mass 
of crystals was recrystallized twice from 60% ethanol and it did not reduce 
Fehling’s solution prior to acid hydrolysis. The yield was 3.6 gm. (76%) and 
the melting point was 94.5-95.5° and it rotated [a]?°°+4.1° (CHCls; c, 4.8468). 
Anal.: Calc. for C2oH3sSO.0: C, 51.50; H, 7.29; S, 6.86; CH;CO, 39.05. Found: 
C, 51.42; H, 7.31; S, 6.9; CH;CO, 38.8. 


6-Deoxy-6-thioethyl-D-galactose Diethyl Acetal 


The solution, above, from the optical rotation determination (1.2117 gm.) 
was cooled to —15° and sodium methylate solution (0.5 ce. of 0.3 N) was 
added. The clear solution was allowed to stand at room temperature and 
within two hours a thin gel formed. The reaction mixture, after it had been 
left to stand 24 hr. at-room temperature, was added to anhydrous ether 
(100 cc.) and the crystalline product washed with a small volume of anhydrous 
ether. The crude product was twice recrystallized from a small volume of 
hot water and it melted at 143.5-144° and rotated [a]!®*+11.1 (pyridine; 
c, 2.464). The yield was 0.6 gm. (80%). Anal.: Calc. for CizH26SO¢: C, 48.32; 
H, 8.72; S, 10.73. Found: C, 48.2; H, 8.91; S, 10.69. 

The above substance (0.5 gm.) was acetylated with pyridine and acetic 
anhydride and after isolation and one recrystallization from 60% ethanol, 
the product, weighing 0.58 gm. (75%), had a melting point of 94-95°. The 
melting point of a sample mixed with 2,3,4,5-tetraacetyl-6-deoxy-6-thioethyl- 
p-galactose diethy! acetal, obtained previously, was 94—95°. 
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GEOMETRICAL CORRECTIONS TO THE BRAGG-GRAY RELATION 
APPLIED TO ABSOLUTE CHEMICAL DOSIMETRY! 


By P. J. DyNE 


ABSTRACT 


The y-ray irradiation conditions for the valid application of the Bragg-Gray 
relation, which relates the energy deposition in a solid to the ionization in an 
air-filled cavity, are examined with particular reference to some published 
experiments on the yield of the radiation-induced oxidation of ferrous sulphate. 
It is pointed out that experiments in which divergent radiation is used will give 
a higher oxidation yield than the relation indicates. A quantitative treatment 
is — which accounts for the discrepancies between certain experimental 
results. 


White, Marinelli, and Failla (10) have shown that the Bragg-Gray relation 
will give erroneous results if applied to ion chambers which are irradiated by 
divergent radiation and have given a method for estimating the error. Weiss, 
Bernstein, and Kuper (9) suggested that this was the reason for some of the 
discrepant results reported by different experimenters on the G value (No. 
of ions oxidized per 100 ev. absorbed) for the radiation-induced oxidation of 
ferrous sulphate. Earlier work in which the energy absorption was obtained 
from ion chamber measurements, using the Bragg-Gray relation, gave a G 
of about 20 which is considerably higher than the now well-established value 
of about 16 (3, 5, 7, 9). This paper will describe explicitly the reason for the 
failure of the Bragg-Gray relation ia these earlier experiments and will show 
that the treatment given by White, Marinelli, and Failla can be extended 
to give a semiquantitative explanation of the anomalous high G values. 

For this purpose we shall discuss a set of experiments in which the energy 
deposition in a solution was obtained from the ionization in an identical 
volume of air. All these experiments were carried out with polystyrene vessels 
using hard y or X rays and differ only in the geometrical arrangement of source 
and solution. “‘Edge”’ effects, which arise because the solution near the poly- 
styrene wall is being irradiated by secondary electrons generated in the wall, 
can be shown, from the relative stopping powers and electron densities of 
polystyrene and 0.8 N H2SQ,, to be negligible. 

The chosen set comprises the experiments of Miller (6), Hardwick (2), 
Hochanadel and Ghormley (3), and Weiss, Bernstein, and Kuper (9). The G 
values which they reported are shown in column A of Table I. As different 
values were used in their calculations for the energy per ion pair and the ratio 
of the stopping powers of air and polystyrene we have recalculated their 
results using the values used by Weiss, Bernstein, and Kuper. These are 
shown in column B. It can be seen that there is a discrepancy of about 15% 
between the first two experiments and the last two. 

The Bragg-Gray relation (1, 8) states that the rate of energy deposition 
per unit volume, £, in a mass of solid material is given by E = JWp where J 


‘Manuscript received January 26, 1955. 
Contribution from the Research Chemistry Branch, Atomic Energy of Canada Limited, Chalk 
River, Ontario. Issued as A.E.C.L. No. 169. 
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TABLE I 
G VALUES FOR THE OXIDATION OF FERROUS SULPHATE 
A B 
Miller 20.3 18.5 
Hardwick 20.7 18.5 
Hochanadel and Ghormley 16.7 15.5 
Weiss, Bernstein, and Kuper 15. 15.9 





is the rate of formation of ion pairs per unit volume in an air-filled cavity in 
the solid, W is the energy per ion pair for air, and p = mgSs/n4S, where ng 
and my, are the electron densities in the solid and air respectively and Ss, Sa 
are the stopping powers of the solid and air respectively. For this relation to 
hold it is required that the dimensions of the cavity be small compared with 
the range of the secondary (Compton recoil) electrons in air. Apart from this 
restriction, the relation is independent of the geometry of the cavity, provided 
that the radiation field is strictly uniform over the whole volume of the cham- 
ber. This is demonstrated most clearly in the treatment given by Laurence 
(4). 

This requirement of uniform irradiation may be fulfilled experimentally 
either by a uniform parallel beam of gamma or X rays or by isotropic irradia- 
tion which could be realized, for example, by placing the sample at the center 
of a spherical shell of material which emitted gamma rays. The former con- 
figuration was used by Weiss, Bernstein, and Kuper, the latter was approached 
by Hochanadel and Ghormley whose irradiation cell was placed on the axis of 
a cylindrical source of Co®. Both of these values may be taken to be in agree- 
ment withG = 16. 

The irradiation apparatus used by Miller and by Hardwick is shown 
diagrammatically in Fig. 1. The radioactive source (S) is placed on the axis 








ae 

















LLitidididdddAdddididdidididide 








LAththAtAtAtAtittiiAdtiAéstAthistsdé 


a 
WOKS 


Fic. 1. Cylindrical ion chamber as used by Miller and by Hardwick. S, source; C, cavity; 
P, polystyrene wall. 
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of a cylindrical shell (C) of solution or air which is enclosed by polystyrene 
walls (P). The experimental volume is being irradiated by a divergent, 
nonuniform field and we cannot apply the Bragg-Gray relation to the ion 
current to obtain the energy deposition in the liquid. 
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The energy deposition in the liquid can be calculated for divergent radiation 
by a modification of the method of White (11) and White, Marinelli, and 
Failla (10). These workers discussed the case of a cavity between two concen- 
tric spherical shells with a point source of radiation at the center. In Fig. 2 
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Fic. 2. Paths of secondary electrons crossing a spherical shell. 
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we show the paths of secondary electrons generated by y rays originating 
from the point O crossing the walls of the spherical chamber, AA’, BB’. 
Let the y rays generate m secondary electrons per cm. having a range r cm. 
in the solid, which are scattered through an angle @ from the direction of the 
incident y ray. Since the range of the secondaries in air is very much greater 
than that in the wall, secondaries which are forméd up to a distance r cos 6 
inside the wall will be able to cross the air cavity. The number of secondaries 
crossing the air cavity is, therefore, mr cos 0. Since r < T, the thickness of 
the air cavity, these secondaries have path lengths which are all effectively 
equal to PM. We put PM = PN/d = T/d cos @. If these secondary electrons 
produce 7 ions per cm. in air, losing W ev. per ion pair, the total energy 
deposition in the gas is Eg = mrcos@. (T/A cos 6)trW = (nmrTrW)/dX = JW, 
where J is the ion current. 

When the air cavity is filled with liquid (or any condensed medium) the 
energy deposition is due entirely to secondaries generated in the liquid. 
The y rays cross T cm. of liquid and will produce nT secondaries of range r 
cm. if the wall and liquid are equivalent. Each secondary will deposit rrpW ev. 
where p = ,S,/n,S, as before, the subscripts referring to the liquid and air 
respectively. The energy deposition in the liquid is E, = mrTrpW ev. Com- 
bining the equations for Ey and Eg and noting that Eg = JW we find 


(1] Ex, = Egp\ = JWopr, 


which is a form of the Bragg-Gray relation modified by the introduction of 
the geometric factor \. It can be seen from Fig. 1 that \ is appreciably greater 
than unity. Application of the unmodified Bragg-Gray relation will, therefore, 
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underestimate E, and consequently will overestimate the G value for a radia- 
tion-induced reaction. 

White, Marinelli, and Failla showed that for a cavity in the shape of a 
spherical shell 


X = T/{[(R cos 6)?+2RT+T?]*cos 0—R cos’6}. 


This formula was applied to measurements on a set of ion chambers of different 
dimensions. For @ = 60° a satisfactory agreement was obtained between their 
measurements and earlier independent measurements on the specific gamma 
ray output from radium. It should be noted that @ is an empirical parameter. 

The calculation of the energy deposition in a cylindrical cavity follows 
precisely the same steps. The paths of secondary electrons crossing the cavity 
are shown in Fig. 3. The lines MQ and OQ are in the YOZ plane. The source 
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Fic. 3. Paths of secondary electrons crossing a cylindrical cavity. 


is at the origin, halfway along the length of the cylindrical cavity. A y ray 
follows the path OPQ making an angle y with the Y axis and generates sec- 
ondary electrons which emerge, in effect, at the point P at the edge of the inner 
wall. The paths of all the secondaries crossing the air cavity, scattered through 
an angle 6, generate a cone, semiangle @ with an axis OPQ, vertex at P. 
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The coordinates (x, y, z) of the point Z shown in the diagram are 


[2] x = p tan @ sina, 
[3] y = R+u(cos y—tan 6 cos a sin y), 
[4] z = R tan ¥+u(sin y+tan 6 cos a cos ). 


These may be taken as the parametric equations of the line LP which is 
the path of an individual secondary electron specified by the angles y, 6, 
and a. 

For the cylindrical ion chamber the equation of the outer cylinder which 
terminates the paths of the secondary electrons is 


[5] x?+y? = (R+T)?. 


The path length D of the secondary electron crossing the cylindrical cell is 
u/cos @ when, from equations [1], [2], and [5], 


u?[tan?6 sin’a+ (cos y—tan 6 cos a sin p)?] 
+2uR(cos y—tan 6 cos a sin y)+R?—(R+T)? = 0; 
whence 


[6] D 





_ +R6+>/(R+T)*(tan’6 sin“a+ 6") — R’tan’é sin“a 
a cos 6(tan*@ sin’e+ 8°) 


where 8 = (tan @ cosa sin y—cos y). 





A secondary electron whose path is defined by y, @, and a has the path length 
D(a) and will deposit D(a)7W ev. in the cavity. To obtain the total energy 
deposition for gamma rays having the direction y we first multiply this energy 
by the number of secondary electrons having this path and then integrate over 
all values of a. The paths of secondary electrons inside the wall, near the edge 
of the cavity, are shown in Fig. 4. The points P and S correspond to the points 
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Fic. 4. Paths of secondary electrons inside the wall, at the edge of the cavity. 


P and S in Figs. 2 and 3. The paths of secondary electrons in the wall are 
terminated by a vertical plane (since r « R). It can be shown using equations 
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[2], [3], and [4] above that a secondary of path length d is generated a dis- 
tance ¢ inside the wall where ¢ = d(cos @—tan @ sin y-cos a)cos @ = —dB6 cos 0. 
All secondaries generated along the path SP = t/cos ¥Y when d =r 
will cross the cavity. Using our previous notation the number of secondary 
electrons N(a) specified by the direction a which cross the cavity is given 
by 

N(a) = —nrB cos 6/cos y. 


The total energy deposition from secondaries generated by y rays having the 
direction y is Eg where 


[7] Eg = "'N (a)D (a)rWda f faa 


When the cavity is filled with liquid the y rays cross T/cos y cm. of this med- 
ium and consequently the energy deposition in the liquid Ey, is given by 


[8] Ey = nTrrpW/cos y, 
whence we find 


Qe 2x 
[9] Ey = —EoeT J (1/8 D(a))da / cos 6 da, 


which we may rewrite, noting that Eg = JW, as Ey = JWon. This is similar 
to equation [1], the factor 7 corresponding to the factor \ defined for spherical 
cavities. The quantity 7 may be evaluated numerically. 

Since 7 is a function of y the factor required to correct the experimental 
results is the value of 7, weighted for the distribution of y rays as a function 
of y averaged over y. Since in the experiment which we are discussing the source 
of y rays was a cylinder of length and diameter comparable with those of 
the cell itself (not a point source by any means) we do not know this distribu- 
tion function. All we shall do is to discuss the values which 7 make take for 
chosen values of y. 

In our calculations we used a value of 6 = 60° as found experimentally by 
White, Marinelli, and Failla. This describes the average path of electrons 
generated by a gamma ray whose path is normal to a spherical wall. For 
small angles of ¥ we would expect @ to be unchanged for the cylindrical wall 
since the radius of curvature of the wall is large compared with the path 
length of the secondaries in the wall. For R = 10 mm., T = 4 mm., dimensions 
corresponding to the Miller and the Hardwick cell, and for y = 0°, 10°, and 
15°, » has the values of 1.16, 1.18, and 1.19 respectively. The G values, as 
they were originally calculated, would be about 18% higher than the true value 
if the averaged value of » was of this magnitude. 

When y > 15° we cannot use equation [7] for, with the experimental 
cells, some of the secondary electrons crossing the air cavity are not terminated 
by the cylindrical wall but by the plane end of the cell. The geometrical 
correction will therefore be greater than the value of » given by equation [9]. 
The calculation is further complicated when y > 30° for, with 6 = 60°, only 
part of the cone of secondary electrons cross the air cavity at all. The value 
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of 7 is still however appreciably greater than unity. For small values of y, 
is in the range 1.15-1.20. 

These calculations are based on an idealized model and too much weight 
should not be placed on the numerical values we have quoted. In addition to 
the fact that the angular distribution of gamma rays is not known, we have 
assumed a single value of 6. The value chosen was that found experimentally 
for electrons generated by a gamma ray whose path is normal to the edge of 
the cavity. When the incident y ray intersects the cavity obliquely we should 
not expect the average scattering angle to be quite the same. This will not 
alter the conclusion of the last paragraph, namely that the correction is always 
appreciably greater than unity, but the possible range of values for the correc- 
tion should be extended. 

We can say, in conclusion, that the Bragg-Gray relation applied to cylindri- 
cal ion chambers as used by Miller and by Hardwick will give energy deposi- 
tions in a condensed medium which are low by 10-20%. This observation is 
offered as an explanation of the high G values obtained by these experimenters 
compared with those obtained by Hochanadel and Ghormley and by Weiss, 
Bernstein, and Kuper. 
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A SYNTHESIS OF D-TAGATOSE FROM D-GALACTURONIC ACID! 


By P. A. J. Gorin,? J. K. N. JonEs,? AnD W. W. ReErp? 


ABSTRACT 
- te has been synthesized by a series of reactions from D-galacturonic 
acid. 
INTRODUCTION 


D-Tagatose is generally prepared by the isomerization of D-galactose with 
very dilute alkali (1) or hot pyridine (4). However, the yields from these 
reactions are small and the isolation of the product tedious. p-Tagatose has 
also been prepared by the biochemical oxidation of the rare sugar derivative 
D-talitol using Acetobacter suboxydans (5). 

We now describe a preparation of D-tagatose from D-galacturonic acid. 
This material is readily prepared by the enzymic hydrolysis of pectic acid 
(3). Isomerization of D-galacturonic acid (I) with lime water-gave the calcium 
salt of 5-keto-L-galactonic acid (II; 2) which on treatment with an acetone — 
sulphuric acid mixture followed by esterification with ethereal diazomethane 
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yielded 3,4;5,6-di-O-isopropylidene-5-keto-L-galactofuronic acid methyl ester 
(III). An ethereal solution of this material was reduced with lithium aluminum 
hydride to 1,2;3,4-di-O-isopropylidene-D-tagatose (IV) which was identical 
with an authentic specimen prepared from D-tagatose. Acid hydrolysis of 
(IV) gave a material indistinguishable from D-tagatose (V) in 25% over-all 
yield from the calcium salt of 5-keto-L-galactonic acid. 

1Manuscript received February 14, 1955. 

Contribution from the Department of Chemistry, Queen's University, Kingston, Ontario, and 
the Research Department, H. W. Carter and Company Limited, Coleford, Gloucester, England. 


2*Department of Chemistry, Queen's University, Kingston, Ontario. 
3Research Department, H. W. Carter and Company Limited, Coleford, Gloucester, England. 
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GORIN ET AL.: SYNTHESIS OF p-TAGATOSE 


EXPERIMENTAL 


Evaporations were carried out under reduced pressure. Optical rotations 
were measured at 16+2°C. Melting points are uncorrected. 


3,4;5,6-D1-O-tsopropylidene-5-keto-L-galactofuronic Acid Methyl Ester (111) 

The calcium salt of 5-keto-L-galactonic acid (II; 620 mgm.), prepared by 
the isomerization of D-galacturonic acid (I) by alkali, was shaken in dry 
acetone (12 ml.) containing sulphuric acid (0.5 ml.) for four hours. The 
solution, which contained a suspension of calcium sulphate, was neutralized 
by rapid addition to aqueous lime. The alkaline solution was then neutralized 
with carbon dioxide, filtered, and the filtrate evaporated to a white solid (the 
calcium salt of 3,4;5,6-di-O-isopropylidene-5-keto-L-galactofuronic acid). 
The free acid was obtained from the salt by the addition of dilute sulphuric 
acid to an emulsion of ether and a solution of the calcium salt in ice-cold water. 
The ethereal extract was washed with water (four times), dried (sodium 
sulphate), filtered, and esterified by addition of an excess of ethereal diazo- 
methane. After 30 min. the solution was evaporated to a sirup which crystal- 
lized. Two recrystallizations from ethanol gave white needles (353 mgm.) 
with m.p. 60°C. and [a]p +22° (c, 1.0 in chloroform). Found: C, 54.4; H, 
7.0%. Calc. for CisH2O7: C, 54.2; H, 6.9%. 


1,2;3,4-Di-O-isopropylidene-D-tagatose (IV) 

3,4;5,6-Di-O-tsopropylidene-5-keto-L-galactofuronic acid methyl ester (III; 
848 mgm.) was added with stirring to an excess of lithium aluminum 
hydride (500 mgm.) in ether (20 ml.). After five hours, excess of reagent was 
destroyed by addition of ethyl acetate. Water (50 ml.) was added and organic 
solvents evaporated. The solution was neutralized with acetic acid, filtered, 
and the filtrate extracted with an equal volume of chloroform. The extract 
was washed once with water, dried (sodium sulphate), filtered, and evaporated 
to a sirup (674 mgm.) which crystallized. Two recrystallizations from light 
petroleum (b.p. 30-60°C.) gave white needles which had m.p. 63-64°C. 
not depressed on admixture with an authentic specimen of 1,2;3,4-di-O- 
isopropylidene-D-tagatose which had been prepared from D-tagatose and 
[a]lp +64° (c, 0.80 in chloroform). Found: C, 55.1; H, 7.5%. Cale. for 
CyeH Os: c; 55.4; f. 7.6%. 


p-Tagatose (V) 

1,2;3,4-Di-O-isopropylidene-pD-tagatose (IV; 173 mgm.) was hydrolyzed 
by heating in 0.05 N sulphuric acid (5 ml.) at 100° for one hour. The reaction 
mixture was neutralized (aqueous barium hydroxide, then barium carbonate), 
filtered, and evaporated to a sirup (115 mgm.). The product was crystallized 
twice from ethanol to give white crystals (71 mgm.) which had m.p. 131- 
132°C. undepressed on admixture with authentic D-tagatose prepared by 
isomerization of D-galactose and [a]p +2° (2 min.) — —3° (30 min.; constant 
value) (c, 1.0 in water). Found: C, 40.3; H, 7.0%. Calc. for CsHi20¢: C, 40.0; 
H, 6.7%. 
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THE SYNTHESIS OF D,L-SERINE BY SELECTIVE REDUCTION OF 
N-SUBSTITUTED AMINOMALONIC AND CYANOACETIC ESTERS!” 


By Louts BERLINGUET? 


RESUME 


L’étude de la réduction sélective de l’'amino malonate d’éthyle libre ou 
substitué sur l’azote par des radicaux acylés et de l’acétamido cyano acétate 
d’éthyle, par les hydrures LiAlIH,, NaH,B, KH,B, et LiBH, dans différents 
solvants et différentes conditions expérimentales a été faite. Une nouvelle 
svnthése de la D,L-sérine, 4 la fois rapide et facile, a ainsi été effectuée. Par 
réduction sélective des esters N-substitués des acides amino malonique et amino 
cyanoacétique, au moyen de l’hydrure de sodium et de bore dans l'eau et 
l’éthanol, suivie d’hydrolyse acide, on obtient la D,L-sérine avec de bons 
rendements. 


INTRODUCTION 

Serine is an important amino acid. One of its derivatives, azaserine, has been 
used with success in cancer research. However, most of the general methods 
for the synthesis of D,L-serine are not convenient. The starting materials for 
some of them are difficult, laborious, or expensive to prepare, and the over-all 
conversion to serine is not particularly good by any of them. 

The best method published so far is by King (9) who condensed quantita- 
tively formaldehyde with ethyl acetamidomalonate (I). However, acid hydro- 
lysis of the intermediate gave no serine but ammonium chloride and pyruvic 
acid. Owing to the instability of the condensation product in-acid, it had to 
be first monosaponified with one equivalent of normal alkali, acidified, de- 
carboxylated, and then hydrolyzed to D,L-serine, with an over-all yield of 
65%. With the condensation product of formaldehyde and ethyl acetamido- 
cyanoacetate (II), no serine could be obtained either by acid or by alkaline 
hydrolysis. 

Both ethyl acetamidomalonate (I) and ethyl acetamidocyanoacetate (II) 
contain the three-carbon skeleton of serine and are easily available. It was 
felt that a better synthesis of serine could be worked out from these starting 
materials if the condensation with formaldehyde and the subsequent hydrolysis 
were avoided. 

The availability of powerful reducing agents such as the hydrides and their 
recent use in the synthesis of 2-amino alcohols (1) have prompted us to study 
the selective reduction of N-substituted aminomalonic esters, and ethyl 
acetamidocyanoacetate, products easily available in large quantities. Three 
possibilities were to be expected in the reduction of ethyl acetamidomalonate 
(I): (1) No reduction, in which case, the unchanged starting material would 
yield glycine (III) by acid hydrolysis. (2) Reduction at both ester groups to 

‘Manuscript received in original form September 13, 1954, and, as revised, January 21, 1956. 

ik from the Department of Biochemistry, Faculty of Medicine, Laval University, 
irene before the annual meeting of the Chemical Institute of Canada, Toronto, June 20-23, 

’Holder of a Fellowship of the National Cancer Institute of Canada. 
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give after hydrolysis 2-amino-1,3-propanediol (IV). (3) Selective reduction 
at one ester group which would form ethyl N-acetyl serine ester, from which 
D,L-serine (V) would be obtained by hydrolysis. 


REDUCTION OF N-SUBSTITUTED AMINOMALONIC ESTER 








COOC:H; 04 ‘one oa 
H HCl 
| an > it tes + H—C—NH; + H—C—NH; 
OOC:H; H CH,OH CH:OH 
I Ill IV V 
R = NH—COCH; 

—NH; 

NH—CHO 

NH—CO—CGH; 


N—(CO)2—CeH, 


It was highly improbable that the amide group would be reduced to the 
secondary amine since Bory and Mentzer (3) had shown that this reduction 
required very drastic reducing conditions, which were not found in our 
experiment. 

It was hoped that suitable conditions would be found in which possibilities 
(1) and (2) would be absent or reduced to a minimum, with the reduction 
proceeding only on one ester group to give D,L-serine. 

In the reduction of ethyl acetamidocyanoacetate only two products were 
possible. In fact, no reduction was to be expected at the nitrile or at the amide 
groups since the reducing conditions were not drastic enough. Hence, only 
glycine and serine could be produced. 


REDUCTION OF ETHYL ACETAMIDOCYANOACETATE 





CN COOH CH.OH 
= ny wee > a? oo + oe anny + NH,Cl 

COOC:Hs ™ H COOH 

Il II IV 


Several N-acyl derivatives of ethyl aminomalonate were reduced and 
subsequently were hydrolyzed to give serine, some glycine, and a trace of 
amino alcohol (Table I). No significant differences were found between 
N-acetamido, N-formamido, N-phthalimido, and N-benzamido ethyl malon- 
ates, except a slight decreasing yield in serine, probably due to the lower 
solubilities of the latter esters. In the case of N-unsubstituted ethyl amino- 
malonate, practically no serine and no glycine were found but free ammonia 
was abundant, apparently produced by the decomposition of the ester 
molecule. 

As expected the reduction of ethyl cyanoacetate gave serine, no amino 
alcohol, but here again glycine was produced, though in a small yield. 

Experimental conditions used during these reductions were studied in order 
to minimize the vield of glycine and 2-aminopropanediol. 
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Effect of Solvent (Table 1) 

When the ester to be reduced is water soluble, an aqueous medium gives 
the highest vield in serine. If the reduction is carried out in alcohol, a more 
complete reduction takes place at both ester groups with a subsequent greater 
formation of propanediol at the expense of serine and glycine. 

Ethyl acetamidocyanoacetate does not give propanediol and, therefore, 
reduction in alcohol gives a slightly better yield of serine on account of the 
better solubility of this ester in alcohol than in water. 


Nature of the Hydride (Table I) 


Sodium borohydride gives the best yield in D,L-serine. Potassium boro- 
hydride also gives serine but is of slightly inferior reducing power. Lithium 
borohydride does not improve the yield. Lithium aluminum hydride in ether 
or in tetrahydrofuran at different temperatures does not reduce selectively 
any of the esters. In all cases no serine could be detected on paper chromato- 
grams. 

It is significant to note that it has been claimed previously that sodium 
and potassium borohydrides could not reduce esters, especially in water. 

The concentration of the hydride, the order of addition, the pH of the 
medium, and the surface of contact between the hydride and the ester have no 
effect on the yield of the reduction. An increase of temperature, however, 
decreases the yield of serine (Table II). 

From these studies, a new direct synthesis of serine has been worked out 
by reduction of ethyl acetamidomalonate or by reduction of ethyl acetamido- 
cyanoacetate with sodium borohydride in aqueous medium. 


EXPERIMENTAL PART 
Compounds 


Sodium borohydride, potassium borohydride, and lithium aluminum 
hydride were obtained from Metal Hydrides Inc., Beverly, Mass., and were 
used without purification. 

Ethyl isonitrosomalonate was prepared according to Cerchez (4). The oxime 
has been described as an oil. However, when it was dissolved in benzene, a 
crystalline product was obtained in the cold. Melting point: 87°C.* Calc. 
for C;H1,0;N: N, 7.41%. Found: N, 6.87%. Subsequent recrystallizations 
from benzene did not raise the nitrogen content. This solid product, which 
seemed to be the oxime, was transformed into ethyl acetamidomalonate with 
the same yield as the ordinary oil. 

Ethyl aminomalonate was obtained by reducing diethyl isonitrosomalonate 
with aluminum amalgam, according to Cerchez (5). The product was obtained 
as an oil. From this oil, the hydrochloride, m.p. 162°C., and the oxalate, 
m.p. 138°C., were prepared, as described by Cerchez (5), in yields of 45% and 
55% respectively, calculated from the diethyl isonitrosomalonate. Calc. for 
C;H,,O,NCI: N, 6.56%. Found: N, 6.45%. Calc. for C,H;,03N: N, 5.28%. 
Found: N, 5.20%. 


*Melting points are not corrected. 
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Some oximes have been reduced to amines with LiAlH, (18) but we have 
tried unsuccessfully to reduce diethyl isonitrosomalonate with LiAlH, and 
NaH,B. No positive test to ninhydrin was obtained and free ammonia was 
present. 

Ethyl formylaminomalonate was prepared according to Galat (7). Yield: 
50%. Melting point 47°C. Calc. for CsHis305N: N, 6.90%. Found: N, 6.78%. 

Ethyl phthalimidomalonate was obtained by reaction of ethyl bromomalonate 
with potassium phthalimide as described in Organic Syntheses (12). Melting 
point: 73°C. Yield: 70%. Calc. for CisHisOsN: N, 4.59%. Found: N, 4.55%. 

Ethyl benzamidomalonate was prepared according to Redeman and Dunn 
(15) by reacting benzoyl chloride and diethyl aminomalonate in pyridine. 
Melting point: 55°C. (from benzene and ligroin). Yield: 80%. Calc. for 
C,4H,,0;N: N, 5.02%. Found: N, 5.10%. 

Ethyl acetamidomalonate was prepared from isonitrosomalonic ester which 
was hydrogenated and acetylated with zinc dust in acetic anhydride and 
acetic acid. Melting point: 96°C. (from ether or ethyl acetate). Yield: 71%. 
Calc. for CsH1;03N: N, 6.45%. Found: N, 6.52%. 

Ethyl acetamidocyanoacetate was prepared by reducing isonitroso ethyl 
cyanoacetate with sodium hydrosulphite in acetic anhydride (19). Melting 
point: 129°C. (from acetic acid). Yield: 65%. Calc. for C7H:1eO3N2: N, 16.48%. 
Found: 16.58%. 


Analytical Procedures 


In order to study the relative yields of glycine and serine in the reduction 
experiments, methods of analysis for these products had to be found. 


Paper Chromatography 


Paper chromatography has been widely used for the analysis of amino 
acids and amino alcohols. However, glycine and serine, having very similar 
R,; values in most solvents, are difficult to separate. In our case pyridine and 
water (80:20) have been used with great success. In this system, the R, 
values for glycine and serine are respectively 0.19 and 0.30. 2-Amino-1,3- 
propanediol has a much higher value at 0.75. 

Glycine and serine were determined quantitatively with standard methods 
of paper chromatography. The simplified procedure used was as follows: 
Weighed drops of the calibrated solution obtained after reduction were placed 
on a paper chromatogram. The ascending chromatograms were run in pyridine 
and water (80:20) and were dried at room temperature. They were sprayed 
with 0.5% ninhydrin in acetone and were dried in the oven at 110°C. for 
10 min. When allowed to dry at room temperature, serine appeared first, 
giving a bright bluish color, with glycine appearing later with a reddish color. 
The color due to aminopropanediol is rather slow to appear and is always 
weak. The two spots of serine and glycine were cut, placed in a test tube, 
triturated with 4 ml. of warm water, and filtered on a fritted disk. The filter 
paper was further washed with 1 ml. of warm water and the optical density 
of the clear filtrate was read at 540 my in a Beckman spectrophotometer. 
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Standard molar solutions of serine, glycine, and serine plus glycine were 
analyzed as above. As expected, equivalent molecular quantities of serine and 
glycine gave the same intensity when sprayed with 0.1% ninhydrin in butanol. 
However with 0.5% ninhydrin in acetone, serine gave a much deeper color 
than glycine. 

The relative yields of serine and glycine were of primary importance in this 
study. For this reason, the amounts of serine and glycine in the reaction 
mixtures were determined colorimetrically from the ninhydrin color developed 
and eluted after chromatography. The ‘“‘comparative’’ yield of serine was 
expressed as the number of moles of serine in 100 moles of amino acids (serine 
and glycine) in the reaction mixture. Since in most cases the amounts of amino- 
propanediol and other secondary products were negligible, the “‘comparative 
yield” approximated the true yield. 

To reveal serine and the amino alcohol, a useful identification test has been 
used. The chromatogram was dipped in a watch glass containing a 10% 
solution of periodic acid. Then, it was dipped in Nessler reagent. Ten to 
twenty seconds later, a yellow spot developed which rapidly turned brown, 
then black. If this yellow color develops in Nessler reagent without having 
first dipped the paper in periodic acid, ammonia is present. The R,; values 
obtained in pyridine—water (80:20) with this test were respectively: 0.30 for 
serine, 0.52 for ammonium chloride, and 0.75 for aminopropanediol. 

This test for serine was first described by Consden, Martin, and Gordon 
(6). We have found that it can be very useful in detecting 2-amino alcohols 
on paper chromatograms. 


Periodate Estimation 

When no amino alcohol was present, as in the reduction of ethyl acetamido- 
cyanoacetate, for instance, the direct estimation of D,L-serine could be made 
by the method of Rees (16). In this method the amino acid is oxidized with 
periodic acid and the formaldehyde produced is titrated with bisulphite. 
Glycine was found by difference. 

This procedure measures serine, threonine, glycols, and 2-amino sheittie, 
Thus if it is to be used to determine serine in presence of aminopropanediol, 
care must be taken to remove the latter before carrying out the oxidation. 


Methods of Isolating Serine 

The isolation of serine can be carried out by different procedures. 

(1) Owing to the much higher solubility of glycine as compared to serine, 
the two amino acids can be separated by two or three recrystallizations from 
water—alcohol mixtures, serine crystals separating first. The hydrochloric 
acid used during hydrolysis can be removed from the amino acid by one of the 
following: (a) silver carbonate, (5) deacidite column, or (c) neutralization 
with an equivalent of lithium hydroxide forming LiCl which is soluble in 
alcohol. 

(2) When small quantities are involved, the ideal separation would appear 
to be the chromatographic procedure used by Moore and Stein (8, 11) on 
Dowex-50 columns. An excellent method of isolation of serine by adsorption 
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on Zeo-Karb has been described by Partridge (13). Another chromatographic 
procedure has been used with success. When the amino acids are adsorbed on 
Permutit S-1 and eluted with 0.1 N acetic acid, glycine appears first, followed 
by a mixture of serine and glycine. Then serine alone is eluted. 

(3) For larger batches of serine, the selective removal of glycine is made 
using classical methods (2), such as distillation of the ethyl ester of glycine or 
selective precipitatiof of glycine with 5-nitronaphthalene-sulphonic acid 
(17). 

Separation of Glycine and Serine on Permutit S-1 

A solution of D,L-serine (1.0 gm.) and glycine (1.0 gm.) was slowly passed 
through a column of Permutit S-1 (35 X 180 mm.). The amino acids were 
retained on the column. Elution was made with 0.1 N acetic acid. Aliquots 
from each 25 ml. of the eluate were analyzed with paper chromatography. 

The first 250 ml. contained no amino acid. In the next 150 ml. only glycine 
was present. The solution was evaporated and the residue recrystallized from 
ethanol and water. Yield of pure glycine: 0.4 gm. (40%). Calc. for C2eH;O.N: 
N, 18.66%. Found: N, 18.50%. 

The following 225 ml. contained a mixture of glycine and serine. When 
evaporated, the total weight of the residue was 0.6 gm. 

Aliquots from the next 200 ml. gave only the serine spot on paper chromato- 
grams. The solution was evaporated to dryness and the residue was recrystal- 
lized from aqueous ethanol. Yield of D,L-serine: 0.8 gm. (80%). Calc. for 
C3;H,O;3N: N, 13.32%. Found: N, 13.55%. 


Conditions Used During the Reductions 


Different experimental conditions were used in the reductions of different 
esters in order to find out the best synthesis of serine. Results are summarized 
in Tables I and II. 

The standard conditions used for the reductions were as follows: One gram 
of the ester was dissolved in the selected solvent system, water, methanol, 
ethanol, tetrahydrofuran, ether, or mixtures of them. Two grams of the hydride 
in solution or in solid form were then added at a chosen rate, with vigorous 
agitation. After one or two hours, the mixture was first acidified with dilute 
hydrochloric acid to pH 1.0 and then hydrolyzed by boiling for four to six 
hours for substituted aminomalonates and 12 to 17 hr. for acetamidocyano- 
acetate. 

After hydrolysis, the solution was evaporated to dryness and the residue 
was dissolved in distilled water to a calibrated volume of 100 ml. Aliquots 
were analyzed for their glycine and serine contents as described. 

Some of the reductions were carried out in the refrigerator, some in boiling 
water. When the surface of contact was studied, the above standard procedure 
for the reduction was carried out in a column (300 mm. X 20 mm.) packed with 
glass beads. 

When lithium aluminum hydride was used, drops of water were carefully 
added to the reduction mixture at the end of the reaction to decompose any 
unreacted hydride. 
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In order to obtain lithium borohydride, equivalent quantities of potassium 
borohydride and lithium chloride were mixed in ethanol prior to the addition 
of the ester (10, 14). 

TABLE I 
YIELDS OF SERINE AS COMPARED TO THE TOTAL YIELD OF SERINE AND GLYCINE 




















Hydride 
NaH,B KH,B LiH,B LiH,Al 
Solvent 
Ethanol-— Ethanol Water Ethanol—_ Ethanol Tetrahydrofuran 
water - it F water 0° 20° 65° 
Ethyl acetamido- 
malonate 68 50t 54 69 70 50 65 0 0 
Ethyl formamido- 
malonate 70 50 66 68 62 50 26 0 Traces 0 
Ethyl phthalimido- 
malonate 62 49 35 57 44 50 24 0 
Ethyl benzamido- 
malonate 60 
Ethyl amino- 
malonate Traces Traces Traces 0 
Ethyl acetamido- 
cyanoacetate 67 72 45 55 66 35 50 0 





*Grams of NaH,B per gram of ester. 
{When the yield 1s underlined, the amount of amino alcohol produced was larger than usual. 


Reductions of Ethyl Aminomalonates 


Reduction of Ethyl Aminomalonate 

With LiH,Al, no ninhydrin test was obtained after hydrolysis. Free am- 
monia was formed, indicating decomposition of the aminomalonate. 

With NaH,B, and KH,B, slight traces of glycine, serine, ammonia, and 
aminopropanediol were detected on paper chromatograms. 

These reductions were carried out on the free amino ester. When the oxalate 
or the hydrochloride were reduced, the yields of 2-aminopropanediol and 
serine seemed to increase a little. 


Reduction of Ethyl Phthalimidomalonate 


As was to be expected, reduction with LiAlH, gave no serine but a mixture 
of glycine, free ammonia, and several unknown products. 

When NaH,B was used, serine was produced in good or poor yields, depend- 
ing on the solvent used. In water, the ester is too insoluble to react with the 
hydride; hence, glycine is produced by acid hydrolysis. With ethanol and water, 
paper chromatography has shown that serine and glycine are produced in 
relative yields of 60% and 40%. 

Reduction with KBH, gave about the same results as with NaBH. 


Reduction of Ethyl Benzamidomalonate 
In a mixture of water and ethanol, the reduction with NaH,B gave ‘“‘com- 
parative’ yields of 60% serine and 40% glycine. 
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Reduction of Ethyl Formamidomalonate 

In this case, the reduction with LiAIH, in tetrahydrofuran gave in low 
yield some serine, with glycine, ammonia, and unknown products. 

Ethyl formamidomalonate (5.0 gm.), treated with 3.0 gm. NaH,B in aqueous 
methanol or ethanol, gave after hydrolysis 1.29 gm. (50%) of D,L-serine. 
Silver carbonate was used to liberate the amino acid from hydrochloric acid. 
After recrystallization from aqueous alcohol, transparent platelets, characteris- 
tic of D,L-serine, were obtained. Calc. for C;H;O3;N: N, 13.32%. Found: 
N, 13.37%. No glycine was found on paper chromatograms from this isolated 
serine. 

In the reductions with KBH,, equal quantities of serine and glycine were 
found on paper chromatograms. 


Reduction of Ethyl Acetamidomalonate 

Reductions in different experimental conditions were studied. The results 
are presented in Tables I and II. 

In tetrahydrofuran or ether, the reduction with LiAlH, gave no serine but 
glycine and free ammonia. 

When ethyl acetamidomalonate was monosaponified with an equivalent of 
sodium hydroxide before reduction with NaBH,, the yield of serine was only 
about 30%. 

With KBH,, the reduction gave about the same yield in glycine and serine 
as with NaBH, 


TABLE II 


YIELDS OF SERINE AS COMPARED TO THE 
TOTAL YIELD OF SERINE AND GLYCINE 


Reduction of ethyl acetamidomalonate in 
water with NaH,B; at room temperatiire, 
except where specified 











Conditions used Yields, % 
Hydride into ester 67 
Ester into hydride 71 
Temperature: 0°C. 74 
Temperature: 100°C. 44 
Surface (glass beads) 67 
pH (Dowex 50) 50 





Reduction of Ethyl Acetamidocyanoacetate 

After reduction with LiAlH, and hydrolysis, the residue gave on a paper 
chromatogram a spot at 0.17 (glycine), a very weak spot at 0.48 (NH.C1), 
and a very strong blue spot at 0.68 (unknown product). No serine was present. 

When NaBH, was used to reduce the ester, the yields in D,L-serine obtained 
from the periodate analysis were around 70%, irrespective either of the solvent 
or of the acid used during the hydrolysis (Table III). 

With KBH,, the yields in serine were much lower (35%). 
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TABLE III 
PERIODATE ANALYSIS OF THE REDUCTION PRODUCTS OF ETHYL ACETAMIDOCYANOACETATE 














Solvent Mgm. of serine % “Com- 
Hydride Hydrolysis yield parative” 
used with Found Calc. yield 
Blank (no reduction) — HCl 0 0 _— _ 
Ethanol—water NaBH, HCl 416 618 67 70 
Ethanol—water NaBH, HCl 443 618 72 80 
Water NaBH, 10% H:SO, 810 1235 66 76 
Ethanol NaBH, 10% H:2SO, 433 618 70 75 
Ethanol—water NaBH, 10% H:SO, 395 618 65 73 
Water KBH, 10% H:2SO, 371 772 48 — 
Ethanol—water KBH, 10% H2SO, 208 772 27 — 
Ethanol—water KBH, HCl 292 772 38 _ 
Ethanol KBH, HCl 242 772 31 — 





Typical Synthesis of Serine 

From Ethyl Acetamidomalonate 

From these studies, a new direct synthesis of serine has been worked out. 

The best conditions found for ethyl acetamidomalonate are to reduce it 
with an excess of NaBH, in water or water—alcohol (80:20) solution in the 
cold, with a subsequent two-hour hydrolysis with dilute acid. In this case, 
propanediol is produced in a negligible quantity and glycine is reduced to a 
minimum. Paper chromatograms indicated a proportion of serine over glycine 
of 4 to 1. Depending on the various methods used in the isolation of serine, 
D,L-serine was obtained in yields ranging from 40% to 60%. 

To a solution of 43.4 gm. of ethyl acetamidomalonate (0.2 mole) in 200 ml. 
of methanol and water (1: 1) were added, over a period of an hour with vigorous 
stirring and cooling, 12.0 gm. of solid sodium borohydride. The mixture was 
stirred for an additional hour, 200 ml. of concentrated HCI were added, and 
the mixture was boiled for three hours. 

The solution was evaporated to dryness im vacuo, and the residue was 
leached with boiling ethanol. The insoluble inorganic salts were removed by 
filtration and the filtrate was evaporated. The residue was dissolved in water 
and divided in four equal portions. 

(a) The first solution was neutralized to pH 6.0 with lithium hydroxide 
and concentrated to a small volume (25 ml.). Warm ethanol (500 ml.) was 
slowly added and D,L-serine crystallized. It was recrystallized from aqueous 
ethanol and dried. Yield: 3.1 gm. (59%). 

(6) The second portion was neutralized with ammonium hydroxide to pH 
6.5 and concentrated to a small volume. Methanol was added and after cooling, 
the crystalline amino acid was filtered, recrystallized, and dried. Yield: 
2.8 gm. (53%). 

(c) The third solution was treated with an excess of silver carbonate, 
filtered, saturated with hydrogen sulphide, and filtered again. After treatment 
with charcoal, warm ethanol was added to the clear filtrate. D,L-Serine 
crystallized in the cold. The amino acid was recrystallized and dried. Yield: 
2.6 gm. (49.5%). 
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(d) Finally, the last portion was passed through a column of Permutit S-1. 
The amino acids were retained and eluted with 10% acetic acid. The eluate 
was evaporated to dryness and the residue was recrystallized from ethanol 
and water. Yield: 2.4 gm. (46%). 

The, four samples of D,L-serine thus obtained were mixed, recrystallized, 
and analyzed. At the microscope, the crystals appeared as transparent platelets 
which had a melting point of 244°C. (decomp.) on the Fisher-Johns block. 
No sublimate was observed on the upper glass slide, whereas commercial 
glycine has been found to give such a sublimate. When a paper chromatogram 
of the sample was run in pyridine-water, no glycine was present. Chloride was 
absent. Calc. for C;H7O;N: N, 13.32%. Found: N, 13.30%. 

D,L-Serine ethyl ester hydrochloride—Dry HCl was bubbled through a 
suspension of 4.05 gm. of the above D,L-serine in ethanol. The ester hydro- 
chloride was recrystallized from methanol-ether. Yield: 5.15 gm. (86%). 
Melting point: 133°C. Lit.: 184°C. (9). Calc. for C4HyO;N. HCI: N, 9.01%, 
Cl, 22.8%. Found: N, 9.00%. Cl, 22.7%. 


From Ethyl Acetamidocyanoacetate 

Similar and even better is the synthesis of serine from the reduction of 
ethyl acetamidocyanoacetate with NaH,B in ethanol at room temperature, 
followed by hydrolysis for six hours with concentrated HCl. No propanediol 
was produced and the yield of serine was around 70%, as shown by both 
quantitative analysis and paper chromatography. 

A solution of ethyl acetamidocyanoacetate containing 10.0 gm. of the 
ester in 25 ml. ethanol was reduced by adding slowly 6.0 gm. of sodium 
borohydride, while vigorous agitation was maintained. After the addition, 
the solution was further mixed for an hour, 200 ml. of concentrated HCl 
were added, and the mixture was boiled for eight hours. 

The amino acid hydrochlorides were treated with silver carbonate and D,L- 
serine was isolated as described for ethyl acetamidomalonate. Yield: 3.6 gm. 
(58%). Calc. for C;H;O;N: N, 13.32%. Found: N, 13.10%. 

No glycine was detected on paper chromatograms obtained from this 
serine. 


CONCLUSIONS 


D,L-Serine can be prepared directly by reducing ethyl acetamidocyano- 
acetate or ethyl acetamidomalonate with sodium borohydride. 

Sodium and potassium borohydrides are capable of reducing certain esters 
even in water. 
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BENZYL 2-CHLOROETHYL ETHERS! 


By MARSHALL KULKA AND F. G. VAN StTRYK 


ABSTRACT 


The solvolysis reaction between benzyl chlorides and ethylene chlorohydrin 
has been employed for the synthesis of a series of benzyl 2-chloroethyl ethers 
(III) required in insecticide screening tests. This method is limited to the 
synthesis of III which possesses a partially deactivated nucleus. Several new 
benzyl chlorides are recorded. 


Several classes of compounds including derivatives of chlorobenzenesul- 
phonic acid (8, 10), 2-hydroxybenzophenones (9), and phenoxymethyl 
2-chloroethyl ethers (11) have been synthesized in this laboratory and screened 
for insecticidal value by Musgrave and Kukovica (14) at the Ontario Agri- 
cultural College. In continuation of the joint program of insecticide research 
this report deals with a class of compounds possessing the grouping 
-CH,OCH:;CH.Cl. 

Genzer, Huttrer, and van Wessem (5) developed a method for the synthesis 
of benzyl 2-chloroethyl ether (III) and its ortho chloro-derivative which 
comprises treatment of benzyl chloride (I) with the monosodium salt of 
ethylene glycol (IV) followed by conversion of the resulting benzyl 2-hydroxy- 
ethyl ether (V) to III (Method B). Although this method was satisfactory in 
many cases, a more direct method was sought. The solvolysis reaction between 
benzyl halides (I) and ethylene chlorohydrin (II) to form III and hydrogen 


X—CsH,CH:CI+HOCH:CH:CI—> X—C,H.CH;OCH:CH.CI (A) 
I ; 1 Il 
A 
SOCI: 
CeHsN (CH): 
X—C.H,CH:Cl+NaOCH:CH.OH—> X—C,H.CH:0CH:CH:0H (B) 
I IV Vv 


chloride under the influence of heat (Method A) was found to be of preparative 
value though of limited scope. The failure of Method A in some cases can be 
attributed to the fact that benzyl halides are susceptible to polymerization 
under the influence of heat and acid catalyst and the extent of this side re- 
action is governed by the reactivity of the benzene nucleus. The following 
benzyl halides (I) gave polymers almost exclusively when heated with II: 
2,4-dimethyl- (7), 2,4-dimethyl-5-chloromethyl (7), 3,4-dimethoxy- (12), 
3-bromo-4-methoxy- (15), 2-nitro-4,5-dimethoxy-, 2-(2-chloroethoxy)-5- 
chloro-, 2,4-bis(chloromethyl)- (7), and p-nitrophenoxy- (17) benzyl chlorides 
1Manuscript received February 23, 1956. 


Contribution from the Dominion Rubber Company Limited Research Laboratories, Guelph, 
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as well as 6-chlcro-8-chloromethyl-1,3-benzodioxane (1) and 1-chloromethyl- 
naphthalene (2). The nuclei of the majority of these compounds are activated 
by alkyl or alkoxyl substituents. Benzyl halides (1) possessing nuclear de- 
activating substituents such as chloro or nitro polymerized to a lesser extent 
when heated with ethylene chlorohydrin and formed the benzyl 2-chloro- 
ethyl ethers (III) (Table I). The reaction between I and II to form III was 
complete after heating under reflux for 24 to 48 hr. except in one case. Much 
of p-nitrobenzyl chloride remained unchanged after heating with II for four 
days. 

The benzyl chlorides required for this investigation were prepared by 
chloromethylation of the appropriate aromatic compounds. It is interesting 
to note that 2-nitro-4,5-dimethoxybenzyl chloride, which was obtained from 
3,4-dimethoxybenzyl chloride (12) by nitration, unlike the parent compound, 
is stable at room temperature. However it decomposes rapidly when warmed 
with alcoholic solutions of alkali or potassium cyanide to form resinous 
materials. Heating with ethanolic thiourea produced stable 2-nitro-4,5- 
dimethoxybenzy] isothiuronium chloride. 


TABLE I 


PREPARATION OF BENZYL 2-CHLOROETHYL ETHERS (X—C,H,CH:2OCH-CH.CI, III) From 
THE CORRESPONDING BENZYL HALIDES (1) 

















Analyses 
Method Yield, B.p. or 
IIX= ofprep. % m.p., °C. ni Calc. Found 
3 H Cc H 

H 1 (5) pi bis = 115 1.5200 63.33 6.45 63.26 6.15 
o-Chloro (5) B 49 biz = 132-136 1.5344 
p-Chloro B 40 biz = 138-142 1.5348 52.69 4.88 52.35 4.84 
2,4-Dichloro <A 40 biz = 158-161 1.5483 45.09 3.76 44.99 3.93 
2,5-Dichloro A 47 biz = 155-160 1.5362 45.09 3.76 44.83 4.36 
3,4-Dichloro ; y+ biz = 155-160 1.5498 45.09 3.76 45.36 3.69 
2,3,4,5,6- 

Pentachloro B 81 m.p. 71-72 31.49 1.75 31.90 1.97 
p-B-Chloro- 

ethyl A 40 biz = 170-175 56.65 6.01 56.72 5.80 
p-Nitro A 23 biz = 190-195 50.12 4.64 49.92 4.63 
3-Nitro-4- 

methoxy A bi = 175-177 1.5535 48.88 4.88 49.30 4.81 
3-Nitro-4-n- 

butoxy A 78 bo.2 = 160-163 1.5315 54.26 6.26 54.25 6.20 
3-Nitro-4-n- 

dodecyloxy A 82 be.2 = 235-240 1.5088 63.08 8.51 63.24 8.28 
3-Chloro-6,6- 

Seay 6 24 biz = 205-207 1.5452 46.56 4.58 46.82 4.46 

85 

3-Nitro-4- 

methyl A 44 bie = 189-194 1.5452 52.29 5.23 52.49 5.09 
3-Bromo-4- 

methoxy B 84 biz = 186-188 1.5622 42.93 4.29 43.34 4.38 
a-Naphthyl- 

methyl 

2-chloro- 

ethyl ether bie = 188 
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The benzyl 2-chloroethyl ethers (III) suffer degradation in the presence of 
acidic reagents. An attempt to chloromethylate benzyl 2-chloroethyl ether 
(III, X = H) resulted only in low-boiling materials. Similar results were 
obtained in attempts to chlorinate and nitrate III. The alkyl chlorine of III 
is far less reactive than the chlorine in bis(2-chloroethyl) sulphide (mustard 
gas), but like bis(2-chloroethyl) ether will react with alcoholic potassium 
thiocyanate after prolonged heating. 


TABLE II 


PREPARATION OF BENZYL 2-HYDROXYETHYL ETHERS (X—CsH,CH2OCH2CH-OH, V) FRom 
THE CORRESPONDING BENZYL HALIDES (I) AND ETHYLENE GLYCOL 

















Analyses 
V, X= Yield, B.p.orm.p., 2° Calc. Found 
% » 
Cc H * H 

H (5) 81 bo.2s = 95 1.5209 
o-Chloro (5) 84  bo.os = 84 1.5348 
p-Chloro 52 big = 151-154 1.5330 57.91 5.90 57.56 5.99 
3,4-Dichloro 51 big = 176-179 1.5502 48.87 4.52 48.65 4.34 
2,3,4,5,6-Pentachloro* 20 =m.p. 83-84 33.28 2.16 33.44 2.33 
3-Chloro-6,8-chloro- 

ethoxy 64 bo. = 148-150 1.5500 49.81 5.28 50.95 5.30 
3-Bromo-4-methoxy 83 bie = 201 1.5655 45.98 4.98 46.07 4.87 
a-Naphthylmethyl 

2-hydroxyethyl ether 82 biz = 198 1.6045 77.23 6.93 77.24 6.93 





*In the preparation of this compound it was necessary to heat the reaction mixture for 18 hr. 
instead of 2 hr. 


EXPERIMENTAL 

2-Nitro-4,5-dimethoxybenzyl Chloride 

To a solution of 3,4-dimethoxybenzyl chloride (12) (46 gm.) in acetic acid 
(120 ml.) kept at 8-10° was added dropwise with stirring concentrated nitric 
acid (d = 1.42) (37 gm.) over one-half hour. After the reaction mixture was 
stirred at 8-10° for two hours it was poured into cold water. The yellow 
precipitate was filtered, washed, and crystallized from methanol. The yellow 
prisms weighed 26 gm. (50%) and melted at 87-88°. Anal. calc. for CsHio- 
NO,CI: C, 46.65; H, 4.32; N, 6.05. Found: C, 47.08, 46.86; H, 4.48, 4.42; 
N, 6.23. Heating with thiourea in methanol under reflux produced S-2-nttro- 
4,5-dimethoxybenzyl isothiuronium chloride in 90% yield. The light-yellow needles 
melted at 215-216° with decomposition. Anal. calc. for CioHis4N30.CIS: 
C, 39.03; H, 4.55. Found: C, 38.64; H, 4.82. 


3-Nitro-4-n-butoxybenzyl Chloride 

This is essentially the method previously used for the preparation of 
3-nitro-4-methoxybenzyl] chloride (4). Into a suspension of trioxymethylene 
(16 gm.), zinc chloride (25 gm.), and acetic acid (350 ml.) dry hydrogen 
chloride was passed until saturated. Then o-nitro-n-butoxybenzene (100 gm.) 
was added and the resulting solution was heated at 75-80° for 72 hr. The 
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solution was added to water, extracted with benzene, and the benzene extract 
washed with water, with aqueous sodium bicarbonate, and with water. 
Removal of the solvent and distillation of the residue yielded a yellow oil 
(80 gm. or 64%) boiling at 140° (0.3 mm.) or 200° (12 mm.), 12° = 1.5450. 
Anal. calc. for CisHi4NO;3Cl: C, 54.21; H, 5.75. Found: C, 54.66; H, 5.70. 


3-Nitro-4-(8-bromoethoxy)benzyl Chloride 

This was prepared in 54% yield by the same method as was 3-nitro-4-n- 
butoxybenzyl chloride above from o-nitro-8-bromoethoxybenzene which was 
obtained from o-nitrophenol and ethylene dibromide. The product distilled at 
150—170° (0.3 mm.) and crystallized from methanol as white needles melting at 
78-79°. Anal. calc. for CsHyNO;CIBr: C, 36.67; H, 3.06. Found: C, 36.57; 
H, 3.09. 
3-Nitro-4-n-dodecyloxybenzyl Chloride 

This was prepared in 56% yield by the same method as was 3-nitro-4-n- 
butoxybenzyl chloride above from o-nitrododecyloxybenzene. It crystallized 


as white needles from methanol and from ethyl acetate and melted at 55-56°. 
Anal. ‘calc. for CigH3o0NO;Cl: C, 64.13; H, 8.44. Found: C, 64.01; H, 8.58. 


3-Chloro-6-(8-chloroethoxy)benzyl Chloride 

This was prepared in 65% yield by the method used for the preparation of 
3-nitro-4-n-butoxybenzyl chloride above from f-chloroethyl p-chlorophenyl 
ether (3). In this case it was not necessary to heat for 72 hr.; 20 hr. was 
sufficient and the amount of zinc chloride should be reduced by 30%. The 
product distilled at 165-175° (12 mm.), crystallized as white prisms from 
methanol, and melted at 34-35°. Anal. calc. for CgH»9Cl;0: C, 45.09; H, 3.76. 
Found: C, 45.25, 45.26; H, 3.79, 3.85. 


p-(8-Chloroethyl)benzyl Chloride 

Into a stirred reaction mixture of 8-chloroethylbenzene (50 gm.), ethylene 
dichloride (100 ml.), paraformaldehyde (10 gm.), and zinc chloride (10 gm.) 
hydrogen chloride was passed for three hours. The temperature was main- 
tained at 40° by cooling at first and warming later. After standing overnight, 
the reaction mixture was washed with water, with aqueous sodium bicarbonate, 
and with water. The solvent was removed and the residue was distilled and 
the fraction (32 gm.) boiling at 140° (12 mm.), "2° = 1.5550, was collected. 
Anal. calc. for CgsHioCle: C, 57.14; H, 5.29. Found: C, 57.39, 57.14; H, 5.39, 
5.14. 
3-Nutro-4-methylbenzyl Chloride 

This was prepared by a method similar to that of Matsukawa and Shirakawa 
(13). To stirred 20% oleum (475 gm.) was added dropwise a solution of o- 
nitrotoluene (137 gm.) and crude methyl chloromethyl ether (100 gm.) over one 
and a half hours, the temperature being kept at 5-10° by cooling. After it was 
stirred for an additional two hours at 5-10° the dark reaction mixture was 
poured onto cracked ice. The precipitated oil was extracted with benzene, 
the extract washed with water, and the solvent removed. The residue was 
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distilled and the fraction (39 gm.) boiling at 140—150° (12 mm.) was collected. 
This solidified on standing and was crystallized from methanol, m.p. 44—45°; 
literature (18) m.p. 45°. 


2,5-Dichlorobenzyl Chloride and 2,5-Dichloro-p-xylylene Dichloride 


To stirred 20% oleum (500 gm.) kept at 0—5° by cooling was added dropwise 
a solution of p-dichlorobenzene (74 gm.) in 150 gm. of crude methyl chloro- 
methyl ether over one hour. The reaction mixture was stirred at 0-5° for two 
hours, let stand overnight at 8-10°, and then poured on cracked ice. The 
reaction mixture was extracted with chloroform, the extract was washed with 
water, and the solvent was then removed. The residue was fractionally distilled 
and two main fractions were collected. The first fraction, a colorless liquid 
(14 gm.) which was 2,5-dichlorobenzyl chloride, boiled at 122-124° (15 mm.), 
n2° = 1.5750. Anal. calc. for C7HsCls3: C, 42.97; H, 2.56. Found: C, 42.29; 
H, 2.61. 

The second fraction boiled at 165-180° (15 mm.) and the distillate (16 gm.) 
which solidified was crystallized from ethanol. The colorless rhombohedrans 
of 2,5-dichloro-p-xylylene dichloride (13 gm.) melted at 98-99°. Anal. calc. 
for CsHeCl,: C, 39.35; H, 2.46. Found: C, 39.68; H, 2.48. 

The S,S’-2,5-dichloro-p-xylylene bis-tsothiuronium chloride was prepared by 
boiling the 2,5-dichloro-p-xylylene dichloride with thiourea in ethanol. It 
melted at 289-292° (with decomposition) after crystallization from water. 
Anal. calc. for CioHigNsClaSe: C, 30.30; H, 3.54. Found: C, 30.02; H, 3.72. 


Preparation of Benzyl 2-Chloroethyl Ethers by Method A 


Some of the benzy! 2-chloroethyl ethers listed in Table I were prepared by a 
method used for the preparation of p-xylylene bis-2-chloroethyl ether which 
follows: A solution of p-xylylene dichloride (7) (20 gm.) in dry ethylene 
chlorohydrin (100 ml.) was heated under reflux for 24 hr. The hydrogen chloride 
gas was allowed to escape through a condenser kept at about 60°. The excess 
ethylene chlorohydrin was removed and the residue distilled. The colorless 
liquid boiled at 200-203° (12 mm.), 22? = 1.5260. The yield was 26 gm. or 
85%. Anal. calc. for Cy2H16O2Clo: C, 54.75; H, 6.08. Found: C, 55.12, 55.13; 
H, 5.97, 5.99. 

o-Xylylene bis-2-chloroethyl ether.—This was prepared in 68% yield by 
Method A from o-xylylene dichloride (7). The colorless liquid boiled at 
190-195 (14 mm.). Anal. calc. for Ci2H;6O2Cle: C, 54.75; H, 6.08. Found: 
C, 54.44, 54.49; H, 5.53, 5.60. 


Preparation of Benzyl 2-Chloroethyl Ethers by Method B 

Some of the benzyl 2-chloroethyl ethers listed in Table I were prepared by 
Method B. This method, which was used by Genzer et al. (5), is further 
exemplified by the preparation of 2,5-dichloro-p-xylylene bis-2-chloroethyl 
ether. 

(a) 2,5-Dichloro-p-xylylene bis-2-hydroxyethyl ether.—To a solution of dry 
ethylene glycol (50 ml.), xylene (25 ml.), and sodium (2.5 gm.) was added a 
solution of 2,5-dichloro-p-xylylene dichloride (12 gm.) in xylene (25 ml.). 
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The reaction mixture was heated under reflux for two hours, most of the xylene 
and glycol were removed in vacuo, and the residue was treated with water. 
The white solid was filtered and crystallized from methanol. The white crystals 
(12 gm.) melted at 120-121°. Anal. calc. for Ci2HieOsCl.: C, 48.82; H, 5.42. 
Found: C, 49.32; H, 5.47. 

(0) 2,5-Dichloro-p-xylylene bis-2-chloroethyl ether.—To a stirred suspension 
of 2,5-dichloro-p-xylylene bis-2-hydroxyethyl ether (10 gm.), dimethylaniline 
(10 ml.), and dry chloroform (25 ml.) was added dropwise with cooling a 
solution of thionyl chloride (6 ml.) in chloroform (10 ml.), the temperature 
being kept at 20-30°. The dark reaction mixture was heated under reflux for 
one-half hour and then poured into cold dilute hydrochloric acid. This was 
extracted with chloroform, the extract was washed with dilute hydrochloric 
acid and with water, and the solvent was removed. The residue was crystallized 
from methanol and from petroleum ether (30-60°) yielding 9 gm. (80%) of 
white needles which melted at 70-71°. Anal. calc. for CizHiO2Cly: C, 43.38; 
H, 4.22. Found: C, 43.81, 43.77; H, 4.33, 4.32. 


b,p’-Dichlorobenzhydryl 2-Chloroethyl Ether 

A method simpler than A or B which was employed by Kato et al. (6) was 
followed in this case. 

To a hot solution of ,p’-dichlorobenzhydrol (16) (10 gm.) in ethylene 
chlorohydrin (40 ml.) was added a solution of concentrated sulphuric acid 
(2 ml.) in water (10 ml.) and the resulting solution was heated at 80° for six 
hours. The reaction mixture containing a precipitated oil was poured into 
water, extracted with benzene, the benzene extract washed with water, and 
the solvent removed. The residue distilled at 167-170° (0.2 mm.) giving a 
colorless liquid (15 gm.), 22° = 1.5830. Anal. calc. for CisHisOCI3: C, 57.06; 
H, 4.12. Found: C, 57.00; H, 4.14. 
0,p’-Dichlorobenzhydryl 2-Chloroethyl Ether 

This was prepared in 90% yield as above from 0,p’-dichlorobenzhydrol. 


The colorless liquid distilled at 155-160° (0.2 mm.), #2? = 1.5835. Anal. calc. 
for C,5H;;0CI;: ea 57.06; H, 4.12. Found: c. §7.52; H, 4.25. 


3-Nitro-4-methoxybenzyl 2-Thiocyanatoethyl Ether 

A solution of 3-nitro-4-methoxybenzyl 2-chloroethyl ether (13 gm.) in 
ethanol (150 ml.) and potassium thiocyanate (6 gm.) was heated under 
reflux for 40 hr. The precipitated potassium chloride was filtered and the 
ethanol was distilled off from the filtrate. The residue was dissolved in benzene 
and washed with water. The solvent was removed and the residue distilled 
yielding a malodorous yellow liquid (8 gm.), b.p. = 165-170 (1 mm.). Anal. 
calc. for C1;3H12N.,0,S: C, 49.25; H, 4.48. Found: C, 48.82, 48.78; H, 4.81, 
4.74. 
b-Chlorobenzyl 2-Thiocyanatoethyl Ether 

This was prepared in 65% yield as above. It boiled at 187—192° (12 mm.), 
n° = 1.5358. Anal. calc. for CioHioNOCIS: C, 52.75; H, 4.39. Found: C, 
52.45; H, 4.83. 
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INTENSITY IN THE RAMAN EFFECT 


III. THE EFFECT OF DEUTERIUM SUBSTITUTION ON THE INTENSITY OF 
RAMAN BANDS OF BENZENE! 


By G. ALLEN? AND H. J. BERNSTEIN 


ABSTRACT 


Standard intensities of the Raman bands of CeHe, 1,3,5,-CsH3Ds3, and C.D, have 
been obtained photoelectrically. An ambiguity in the vibrational assignment for 
1,3,5,-CsD3Hs has been removed, and the assumption of the invariance of the 
polarizability and anisotropy derivatives upon isotopic substitution has been 
tested. A sum rule for depolarization ratios of Raman bands in isotopic homo- 
logues has been derived subject to the same assumptions used for obtaining the 
intensity sum rules. 


The Raman shifts and normal mode assignments are well known (1, 6, 7) 
both for CeHs and CesD¢ and the relative intensities of the Raman bands 
have been obtained photographically (1). Rank (10) has reported integrated 
intensities for CsHs obtained with an electronically recording spectrometer 
but there are no corresponding data for CsDs. The Raman intensities are of 
interest because Lord and Teller (8) have calculated the intensities of the 
a;, modes in CgsDg in terms of the intensities of the a;, modes in CsHe and 
Crawford (3) has derived a sum rule for intensities in isotopically substituted 
molecules which applies to the a,, and the e2, modes in these molecules. 

1,3,5-Trideuterobenzene has been studied by Langseth and Lord (7) and 
also by Ingold et ai. (1). There is disagreement on the assignment of the e’-type 
fundamentals which are associated with the C—H and C—D stretching modes. 
The two reports also disagree in the assignment of one of the e’’-type modes. 
Langseth and Lord have calculated the intensities of the a’,-type vibrations 
in 1,3,5-C6H3D; relative to the intensities of the a;’-type vibrations in CsHe. 

We have obtained standard intensities with a photoelectric spectrometer 
for the three benzene molecules in the liquid phase and have cleared up the 
ambiguity in the assignment for CsH;D3;, and have tested the assumption of 
the invariance of the polarizability derivatives for isotopic substitution. 

EXPERIMENTAL 

The Raman spectra and depolarization ratios were obtained at 27°C. 
using a White Raman spectrometer (12). Standard intensities of scattering 
per molecule referred to the 458 cm.—' band of CCl, were obtained by a method 
previously described (2). The expression used to obtain the standard intensities 
is (2): 


(l] S= mV 1+ pass n® i. Rie) -_ 


ie 1+p oa ous R(")cc. 


ee an (o—108) dae tierir 
d\M /ca,  458\ v—Av/ ° 1 ~~} 44x458/7 








_ _45(a’)*+7(7')* 
[45 (a’)°+7(7’)’ lass 


1Manuscript received January 18, 1956. 

Contribution from the Division of Pure Chemistry, National Research Council, Ottawa. Issued 
as N.R.C. No. 3602. 

2National Research Council Postdoctorate Fellow, 1952-1954. 
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where J = integrated intensity, p = observed depolarization ratio for natural 
light, 2 = refractive index of compound, ¢ = spectral sensitivity of phototube, 
R(n) = reflection loss, M = molecular weight, d = density, Ay = Raman 
shift, » = 22938 cm.—!, the frequency of the exciting line, T = absolute 
temperature, a’ = da/0Q = derivative of the average polarizability with 
respect to the normal coordinate at the equilibrium position, y’ = dy/dQ = 
derivative of the anisotropy with respect to the normal coordinate at the 
equilibrium position. 

The results for CsHs and Ce¢D¢ are given in Table I, the experimental error 
is of the order of +2% in S (S = {I/Isss} . {o/o4ss}) and +10% in S. Depo- 
larization ratios were obtained by the method of Edsall and Wilson (5) and 











TABLE I 
RAMAN INTENSITIES IN CsgHe AND CoD 
Symmetry - 
Av, cm. type Pobs Ptrue S S 

CsHe 606 €2g 0.98 0.86 0.212 0.181 
849 Clg 0.95 0.86: 0.079 0.105 
992 Q1g 0.24 0.11 1.756 4.406 
1178 C29 0.97 0.86 0.300 0.584 
seest ies 0.98 0.86 0.382 1.084 
3045 C29 0.96 0.86 0.633 4.608 
3061 Qig 0.34 0.21 1.537 16.505 
Cs5De 577 €29 0.98 0.86 0.169 0.146 
661 Cis 1.00 0.86 0.200 0.204 
867 2g 1.00 0.86 0.214 0.305 
945 Aig 0.26 0.12 1.610 4.041 
1560 C29 1.00 0.86 0.333 0.979 
2264 €29 1.00 0.86 0.505 2.470 
2292 Qig 0.34 0.21 1.035 7.702 





Reflection loss = 1.04. 


corrected for convergence to ptrue by the method of Rank and Kagarisse (11). 
In order to obtain 
45(a’)'+13(y')" 
[45 (a’)°+13(y’)"]ass ; 
the theoretical quantity given for transverse scattering, S should be multiplied 
by (1+ povs)- 

Two samples of CsD¢ were investigated. The intensities reported in Table I 
were obtained from a sample loaned by Professor Langseth. The second sample 
was prepared by Dr. Leitch and good agreement for the intensities of all 
bands except 867 and 661 cm.—! was obtained. In the sample obtained from 
Dr. Leitch the two anomalous bands had “‘shoulders’”’ which were due to an 
impurity and which prevented an accurate estimation of the integrated 
intensities of these bands. 

The sample of 1,3,5,-CsH;D3 was obtained from Professor Langseth. In 
this case the estimation of standard intensities was complicated by the presence 
of about 17.5% of 1,3-CsH«Dz2 in the sample. 1,3-CsH,D2 has bands which 
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overlap all the fundamentals in 1,3,5-CsH;D; with the exception of 955 cm.—'. 
In order to estimate the amount (17.5%) of 1,3-CsH.Dz in the sample (and 
hence to correct the observed intensities to correspond to pure 1,3,5-C.sH;D;) 
we assume: 

(a) the 955 cm.—! band in CsH;D; and the 968 cm.—! band in CsH,D: have 
the same standard intensity, 

(6) where bands from each molecule overlap then the observed intensity is 
equal to the intensity in pure 1,3,5-CsH;D3. 

The first assumption is not unreasonable because the standard intensities 
of the corresponding bands in CsHe and CeDsg differ only by —10%. The 
second assumption means that the maximum error in the intensities is 17.5%. 
In Table II, therefore, the intensities of the 955 cm.—! and 1576 cm.—! bands 











TABLE II 
RAMAN INTENSITIES IN C,D3H;* 
Symmetry * 
Av type Pobs Ptrue S Sobs Seorr 
374 ie 1.00 0.86 0.030 0.013 0.013 
594 e’ 1.00 0.86 0.160 0.180 0.180 
710 ” id 1.00 0.86 0.094 0.101 0.101 
832 e’ 0.98 0.86 0.101 0.133 0.133 
955 a,’ 0.26 0.12 0.931 2.279 2.785° 
968 Impurity?’ 0.26 0.12 0.197 0.490 
1003 a,’ 0.25 0.11 0.305 0.804 0.804 
1102 e’ 1.00 0.86 0.092 0.169 0.169 
1396 é’ 1.00 0.86 0.020 0.049 0.049 
1576 e’ 1.00 0.86 0.266 0.767 0.925¢ 
2273 e’ 1.00 0.86 0.110 0.523 0.523 
2283 a,’ 0.36 0.22 0.342 2.422 2.422 
3054 a;'+e’ 0.51 0.36 0.772 7.730 7.730 





*Raman spectrum of liquid, reflection loss R(n) = 1.04. 

’m—CeH.D2 impurity band. The intensity of this band indicates that it is present to the extent of 
A17.5%. 

“Corrected for 17.5% m-CsH Ds impurity. 


are accurate within the limits of the first approximation, since these bands 
could be obtained without overlap. The intensities of the remaining bands 
are subject to the validity of the second assumption. 

The intensities obtained photographically by Ingold et al. (1) should be 
compared with the intensities listed under S. 


DISCUSSION 


A comparison of our results for CsHs and CsD¢ shows the same general 
features as the photographic intensities. For the a;, and the ¢2, modes there is a 
slight decrease in intensity on deuteration. For the ei, mode however both 
investigations show that there is an increase in intensity on deuteration. 
This anomaly has been successfully explained by Lord and Teller (8). 

Lord and Teller have also calculated the relative intensities of the a,, 
modes in CsHs and C,D¢ assuming that the polarizability and anisotropy 
derivatives with respect to internal coordinates do not change on deuterium 
substitution. The intensities of the ai, vibrations in CsDs (a’f° and af? 
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are expressed as linear superpositions of the a,, vibrations in CeHe, viz. 


at = iGig +mdig; Aig. = Exdig +21, - 
The coefficients ¢ and n have been evaluated by Lord and Teller from the 
amplitudes of vibration obtained from the equations of motion using a com- 
plete quadratic potential function. Since our standard intensity S is defined 
in terms of the normal coordinate Q, it cannot be substituted directly into 
these equations. It must be transformed as shown below into S’, viz.: 


458 _ _[45(a’)*+7(7')"]_ Qa, 
“Ay [45(0) +7(7') Jase” Qi” 


The experimental values for S’ are given in Table III. Using our data for S’ 
and p we have followed through the calculations of Lord and Teller. The results 
of the calculations are also given in Table III. This represents a more satis- 
factory test of Lord and Teller’s treatment than the one given in their original 


paper. 





[2] S=5 














TABLE III 
CALCULATED RAMAN INTENSITIES 
Observed Calculated 
Ay, cm.~! 

x Ptrue 5’ Ptrue 

CeHe 992 2.034 0.11 

3062 2.569 0.21 
CsDe 945 1.965 0.11 2.17+0.35¢ 0.11 
2292 1.511 0.21 1.25+0.20¢ 0.23 
C.D3H3 955 1.35 0.12 1.44 0.12 
1003 0.37 0.11 0.95 0.11 
2283 0.49 0.22 1.24 0.19 
3054 1.16 0.36 1.22 0.21 





*The errors arise from the experimental errors in the observed S’ for the CsHe bands. 


If the coefficients — and 7 derived for a simple valence force potential func- 
tion by Lord and Langseth (7) are used to calculate the intensities of the a,’ 
modes in CsH;D; from the experimental data for CsH¢, the results given in 
the lower field of Table III are obtained. The calculation for the intensity of 
the band at 955 cm.—! is satisfactory but the disagreements between the 
calculated and observed intensities for the bands at 1004 cm.—! and 2283 
cm.—! are well outside the experimental error. The observed and calculated 
intensities for the Raman band at 3054 cm.—! cannot be compared directly. 
There is some doubt about the assignment of this band. Langseth and Lord 
assign the band as a superposition of the a,’ and e’ vCH modes. Ingold et al. 
observe the e’-type vCH mode at 3082 cm.—! in the infrared spectrum of 
CseH;D; vapor and they conclude that the Raman band observed at 3054 
cm.~! in the spectrum of the liquid arises solely from the a,’-type mode. 
We have investigated the infrared spectrum of liquid C.sH;D; using LiF 
optics, and find bands at 3055 and 2273 cm.—'; these bands are assigned to the 
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e’-type vCH and vCD modes respectively. It appears then that the assignment 
given by Lord and Langseth is correct for the spectrum of liquid CsH;Ds3. 
This is supported by the fact that the depolarization ratio for this band is 
higher than that for the other a;-type bands in the Raman spectra of CsH;Ds, 
CsHe, and CeDz. All the other a;-type vCH or vCD modes reported in this 
paper have depolarization ratios in the region of 0.22, but the depolarization 
ratio for the 3054 cm. band is 0.36. The observed intensity (S’) of the a;-type 
band at 3054 cm.—!, is therefore <1.16, and the calculated value is too high. 

This over-all poor agreement between observed and calculated intensities 
for the totally symmetrical modes of 1,3,5-CsH;D; may be due to the fact 
that only a simple valence force potential function (7) has been used to eval- 
uate the ¢’s and n’s and the calculation of intensities is very sensitive to the 
values of force constants employed. 


SUM RULES FOR RAMAN INTENSITY 


Recently Crawford (3) derived intensity sum rules for Raman bands in 
isotopic molecules. The intensity of the a® fundamental of Raman shift 
Av, in the gas phase is given by the following expression according to Plac- 
zeck (9): 

an 


[3] : i, oo . [Pa (12) *+Pp(Biza)].- 


In this expression a universal constant is included in J, N is the number of 
scattering molecules, Ki, = (v—Avig)*(1—e 1 84%10/7)-1, where » is the fre- 
quency of the exciting line and T is the absolute temperature. The notation 
in the square bracket is that used by Crawford. Here P, and Ps are constants 
depending only on the conditions of observation. Equation [3] is used for the 
intensity in the liquid phase also, since whatever changes occur in passing 
from gas to liquid might be expected to be very nearly the same for isotopic 
homologues. The temperature dependent term is included in the intensity 
expression since it is very nearly independent of phase and indeed has been 
shown to give the correct Stokes/anti-Stokes intensity ratio in liquid CCl, 


(2). Following Crawford we write his 2” rule in the form 





[4] > a X - 2G) + Palisa (F- ")[Pa (ax) (a1,) +Pa(Bix,)] 


and his 2% rule* in the form 
. TiaAvia - ion 
(5) Det = (G1)[Pa Gu) @r,)+Po(Bit,)]- 


In these equations Kj, has been included in the summation and not con- 
sidered to be constant (3) and the number of molecules N has been assumed 
constant since the same volume of the isotopic homologues is used to obtain 
the Raman spectra. 

*There is a misprint in equation (26) in Crawford’s paper. The L.H.S. should read Yalia®wie 


instead of Zelia®/wia. Prof. Crawford (private communication, Feb. 11, 1955) suggested that this 
might be a suitable way in which to record this correction. 
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The R.H.S. of equation [4] is invariant with isotopic substitution when 
(i) the force constants of the most general quadratic potential function do not 
change with isotopic substitution, (ii) the polarizability and anisotropy 
derivatives with respect to internal coordinates do not change with isotopic 
substitution, (iii) anharmonicity effects may be neglected. Assumption (ii) is 
valid only for symmetry types for which there is no molecular rotation which 
changes the equilibrium polarizability. 

As long as the conditions of irradiation and observation are the same for 
the isotopic molecules, integrated intensities observed with any experimental 
arrangement may be used to verify equation [4] in the form 


Tie _" Iq 
6] > KiAria > KigAv2q" 





Here subscripts ; and 2 refer to the two isotopic species. In Table IV, S, the 
integrated intensity of the Raman bands of the a,, and e2, symmetry species 
of CsHes and CeDg, referred to the intensity of the 458 cm.—! band in CCl, 
and corrected for the sensitivity of the photomultiplier tube, has been used 
to form the sums of equation [6]. The disagreement between the L.H.S. and 
R.H.S. of this equation is within the experimental error because of the diffi- 
culty in measuring accurately the intensity of the components of the partially 
resolved doublets at 3050 cm.—! and 2280 cm.—! in CsH¢ and C¢Ds respectively. 
For parallel transverse irradiation P, = 45 and P, = 13 in equations [3], 
[4], and [5]. The depolarization ratio under these experimental conditions is 
given by 
7] ee 
“45 (@1a) +7 (Biaa) 


Substituting from equation [7] in equation [3], the following expressions may 
be derived in the same manner as given by Crawford for equations [4] 
and [5]: 


[8] 





Tha 
p> KyAvia(1 + Pia 


TiaAvia 
a Kia(1+ pia) 


Equation [8] gives the intensity sum rule 





= (F~*)*[45 (ix) (@1s) +7 (Bits), 


[9] = (Gi)[45 (@ix) (@1;) +7 (Bis) 


> Tha = Ia 
a Ky, Aviq(1+ pie) a K2gAv2q(1+ p20) 


in which the intensities to be used in forming the sum are those observed under 
conditions of parallel transverse irradiation. Equation [10] then is a sum rule 
for depolarization ratios on isotopic substitution. In the simple case when 
there is only one vibration in the symmetry species (e.g. He, the a1, mode in 
CH,) it is apparent from equations [6] and [10] that the depolarization ratio 
is unchanged for complete isotopic substitution. If there are several modes of 
vibration in the symmetry species, the depolarization ratios of corresponding 
bands may still be the same but are not required to be so. 


[10] 
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It has been shown (2) that the ratio J/(1+,) is independent of experimental 
conditions provided that under the usual conditions of irradiation the incident 
beam may be considered to make an average angle with the direction of 
observation. Since this assumption has been shown to be valid (2) within the 
experimental error equation [10] may be written in terms of the standard 
intensity defined in equation [1], viz.: 


Sia Sra 

(11) Da a: 
A satisfactory experimental verification of this equation is shown for the ay, 
and é2, modes of CsHs and C.D, in Table IV. 

Similarly one may write 2,51, instead of the L.H.S. in equation [9]. 

Decius (4) has shown that the same relations are valid upon isotopic sub- 
stitution for the L.H.S. of equation [9] and 2,Av,?. Thus for example for the 
a1, and b,, modes of CsHs and CeDg, and the a,’ modes of 1,3,5-CsH3D3, one 
should have 


[12] D Stesot+ LD Stewo = 225 Sa.ascanp.- 


Since the 5), modes for CsHes and C¢D, are inactive in the Raman effect their 
contribution to the sums is zero. In Table IV the experimental data for 
verification of equation [12] are given. Again within the experimental error 
the rule has been verified. 

It is readily seen from application of equations [8] and [9] to the molecules 
H:2, HD, and D, that the depolarization ratio is constant. 
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LIGHT ABSORPTION STUDIES 


PART I. ULTRAVIOLET ABSORPTION SPECTRA OF SUBSTITUTED 
ACETOPHENONES! 


By W. F. ForBEs AND W. A. MUELLER 


ABSTRACT 


The steric hindrance postulated by Arnold and co-workers to account for 
anomalous reaction rates of some substituted acetophenones has been verified 
by means of ultraviolet light absorption data. The spectra of a number of other 
substituted acetophenones have been discussed in terms of the electronic and 
steric effects of substituents. 


INTRODUCTION 


Acetophone exhibits an intense band near 240 mu, e ~ 10-15,000, which 
also appears in benzaldehyde, propiophenone, and butyrophenone (see Table 
1). This band, which is typical of x—z conjugation, is ascribed to an N — V 
transition, and is found in a variety of phenyl derivatives containing unsatura- 
ted side-chains (styrenes, aromatic amines, benzoic acids, benzamidines, 
etc.), as also in biphenyls and cyclohexene derivatives. In acetophenone, 
therefore, the allowed transition from a state having a non-ionic wave function 
to one having an ionic wave function can be represented by Ph—C=—=O — Ph* 
=C—O-. As has previously been pointed out elsewhere (6), whilst in benz- 
aldehyde, m- and .p-methyl groups cause a small increase in e, and o-methyl 
groups produce a small decrease, in the acetophenones, m- and p-methyl 
groups also cause small increases in e, but o-methyl groups produce very 
marked decreases in e. A similar effect is observed for o- and p-methyl substi- 
tuted propiophenones (see Table I). This effect is ascribed to steric overlap 
between the o-methyl groups and the keto-methyl or keto-ethyl group setting 
up appreciable interference and thus preventing the attaining of a uniplanar 
configuration. Steric inhibition of electronic interaction thus raises the energy 
level of the ground state, but since the phenyl-carbon link in the postulated 
polar excited state contains a larger amount of double bond character, and 
since the energy required to twist a double bond is considerably in excess of 
that required to twist a single bond, and further since the interplanar angle 
cannot from theoretical considerations (Franck—Condon principle) change 
during a transition, therefore the energy-level of the excited state will be 
raised even more than that of the ground state. Thus the transition energy is 
increased, which results in a hypsochromic shift of the band, and also in a 
reduced transition probability, which results in a loss of absorption intensity 
(e). 

ULTRAVIOLET ABSORPTION SPECTRA 


Propiophenone itself, compared to acetophenone, gives rise to a slight steric 
effect of the type referred to above, presumably because the replacement of a 


1Manuscript received January 20, 1955. 
Contribution from the Department of Chemistry, Memorial University of Newfoundland, 
St. John's, Newfoundland. 
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hydrogen atom by a methy! group gives rise to further steric overlap between 
the additional hydrogen atoms and the carbonyl group and/or the ortho- 
positioned hydrogen atom of the benzene ring. m-Butyrophenone has an: ab- 
sorption spectrum almost entirely similar, which is as expected—from steric 
considerations alone—since the additional methyl group is too far removed 
to interfere effectively with the rest of the molecule. It is somewhat surprising 
though that the reported value of isobutyrophenone (9) does not indicate 
additional steric interference, since one would expect the additional methyl 
group to exert further steric overlap. One would expect the change from 
acetophenone, propiophenone, and isobutyrophenone, i.e. the successive 
replacement of two hydrogen atoms by two methyl groups, to be accompanied 
by first a slight, and then by a more pronounced steric effect, since in each case 
the molecule will assume the sterically most favorable position—there being no, 
or very little, restriction to the free rotation of the methyl group. Thus 
accommodation of the second methyl group—the molecule having attained 
the sterically most favorable position after the introduction of the first methyl 
group—would be at least equally, but probably more, difficult and hence 
involve more appreciable steric overlap. The spectra of propio- and isobutyro- 
phenone, however, are reported to be the same (9); our own values indicate 
a slight, though definite, change of absorption intensity as expected from the 
above hypothesis (see Table I). 

A further point of interest is that the change in spectral properties between 
4-methylacetophenone and 2-methylacetophenone is almost identical with 
the change observed between 4-methylpropiophenone and 2-methylpropio- 
phenone. For the first pair there is a bathochromic shift of 10 my and the 
ratio of the molar extinction coefficients is 0.57 (8500/15,000), whilst for the 
second pair the shift is 9 mu, and the corresponding ratio is 0.57 (8000/14,000) 
(see Table I). This is reasonably conclusive evidence that the preferred planar 
configuration of 2-methylacetophenone and 2-methylpropiophenone is IA 
rather than IB, since if IB were correct, the replacement of the methyl group 
by the ethyl group in 2-methylpropiophenone would increase the steric overlap 


CH Oo O. |CHs 
\Z4 WA 
Cc Cc 
y ‘aa y se 
\ \ 
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already caused by the 2-methyl group (relative to 4-methylacetophenone), 
which would be in a position directly adjoining the more bulky ethyl group. 
This argument is verified by the absorption spectra of pairs of compounds, 
where the replacement of a methyl by an ethyl group normally causes addi- 
tional steric effects (see, for example, Table I, for spectra of pentamethyl- and 
pentaethyl-acetophenones). 
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For 4-methylbenzaldehyde and 2-methylbenzaldehyde there is no batho- 
chromic shift and the ratio of the molar extinction coefficients is 0.87 (13,000/ 
15,000). Thus whilst in acetophenone and propiophenone the intensity of 
absorption is approximately halved by the introduction of a 2-methyl group, 
in benzaldehyde the intensity of absorption remains approximately constant. 
This type of steric effect has previously been discussed (5) and has been shown 
to be prevalent in conjugated systems which can exist in at least one unhind- 
ered or only weakly hindered uniplanar configuration, and has been ascribed 
to transitions involving non-planar ground states and planar excited states (6). 
Thus the fraction of molecules which are in a sufficiently planar ground state 
to be able to be raised to the postulated planar excited state governs the 
observed intensity of absorption. Therefore in 2-methylbenzaldehyde, the 
number of permitted near-planar vibrational states is only very slightly 
reduced, whilst in 2-methylacetophenone or in 2-methylpropiophenone it is 
approximately halved, indicating that structures of type IB can no longer 
contribute appreciably to the absorption band. This hypothesis is confirmed 
for 2,6-dimethylacetophenone where the absorption band has almost com- 
pletely disappeared (see Table I). 

The band under consideration is clearly sensitive to para-substituents and 
has on account of this previously been provisionally assigned to electronic 
transitions associated with para-resonance forms of type IC (7). 


¥ 
| 


+ 
IC 


Thus 4-methyl substituents will increase the para-resonance contributions 
to the hybrid of the ground—and even more so its contributions to the excited— 
states, giving rise to a bathochromic shift and an increased probability of 
absorption. An ortho-methyl group will likewise tend to exert a similar batho- 
chromic shift accompanied by increased intensity of absorption, but in this 
instance, these effects are counterbalanced by the previously described steric 
effects. Hence the steric effect of the ortho-methyl group is larger than it ap- 
pears to be, since it has to overcome the electronic effect associated with reso- 
nance forms of type IC. This is why it is necessary to compare the ortho- 
substituted compounds with the para-substituted analogues, rather than with 
the unsubstituted parent compounds. Also, it may be noted that this electronic 
effect of the ortho-methyl group becomes more evident in certain compounds, 
such as 2-methylbenzaldehyde and 4-acetylhydrindacene (II). In the latter, 
the second ortho-methylene group (which is comparable to a methyl group) 
gives rise to a bathochromic shift of about 10 my, which is similar to the 
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bathochromic shift observed between acetophenone and p-methylaceto- 
phenone. 

In 2,6-dimethylacetophenone, the molecule can no longer take up a more 
favorable steric configuration (as is the case for 2-methylacetophenone, 
where the molecule takes up the more favorable configuration IA) and the 
interplanar angle is considerably increased resulting in an almost total loss 
of the conjugation band (see Table I). 

Introduction of a third methyl group in the para-position gives rise to a 
slight bathochromic shift accompanied by increased transition probability, 
evidently due to the increased double bond character between the carbonyl 
group and the benzene ring caused by greater contributions of resonance 
forms of type IC. This decreases the interplanar angle and gives rise to the 
observed effect. It may further be noted that a similar difference is observed 
between 2,3,5,6-tetramethyl- and 2,3,4,5,6-pentamethyl-acetophenones (see 
Table I). 

To account for the spectrum of 4-acetylhydrindacene (II) it must be noted 
that here both positions corresponding to structures IA and IB are equally 
possible. The observed maximal absorption at 252 mu is approximately as 
expected for two ortho-alky! substituents, but the intensity of absorption 
indicates a certain amount of steric hindrance of the type described above, 
i.e. corresponding to non-planar ground states and planar excited states. 
Since there is a decrease of intensity of absorption relative to acetophenone and 
an increase in intensity of absorption relative to 2,6-dimethylacetophenone, the 


TABLE I 


ABSORPTION SPECTRA OF ORTHO-SUBSTITUTED ACETOPHENONES AND RELATED COMPOUNDS IN 
ABSOLUTE ETHANOL 
Wave-lengths and intensities of the main maxima (values in italics represent inflections) 











Compound Amax, €max Amax; €max 
my my 

Benzaldehyde 244 13,000 279 950 
Acetophenone 240 12,500 276 1000 
Propiophenone 240 12,000 276 1000 
n-Butyrophenone 240 11,500 276 1000 
Isobutyrophenone 240 10,500 276 850 
4-Methylbenzaldehyde (6) 251 15,000 — —_ 
2-Methylbenzaldehyde (6) 251 13,000 — — 
4-Methylacetophenone (6) 252 15,000 278 850 
2-Methylacetophenone (6) 242 8500 283 1250 
2,4-Dimethylacetophenone (6) 251 13,000 282 1250 
2,6-Dimethylacetophenone (12) 241 2100 + — 
2,4,6-Trimethylacetophenone (12) 246 2300 —_ _ 
2,3,5,6-Tetramethylacetophenone 212 11,500 277 850 
2,3,4,5,6-Pentamethylacetophenone 216 12,000 280 600 
2,3,4,5,6-Pentaethylacetophenone 218 14,000 280 500 
4-Methylpropiophenone 249 14,000 _ — 
2-Methylpropiophenone 240 8000 282 1200 
4-Acetylhydrindacene (II) 252 7000 308 3000 
4-Acetyl-5,6-dimethylindane (IIT) 246 3000 280 1700 
9-Acetyloctahydroanthracene (IV) 220 10,000 282 1500 
5-Acetyl-6,7-dimethyltetralin (V) 218 11,000 278 1100 


2,3,5,6-Tetramethylbenzene 214 8500 268 600 
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ortho-methylene group in the cyclopentyl ring offers steric resistance inter- 
mediate to that of an ortho-hydrogen atom and an ortho-methyl group, which 
is indeed as would be expected from an examination of scale models. 

In 9-acetyloctahydroanthracene (IV), the steric effect due to the methylene 
group, as indicated by the location of maximal absorption, is considerably 
more pronounced, in agreement with the observation of Arnold and Craig (1), 
who found from reactivity measurements and in part from the values of 
carbonyl Raman frequencies that the steric hindrance around the carbonyl 
group decreases in the order V > IV > III > II. Thus the methylene group, 
held in a position where there is considerable interaction between the methyl 
group of the —COCH; group and the hydrogen atoms of the methylene 
group, increases the transition energy which results in the observed hypso- 
chromic shift of the band. The observed intensity of absorption can be con- 
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sidered to be largely due to the superposition of absorption due to the “‘tetra- 
methylbenzene”’ band at 214 mu. 

For 4-acetyl-5,6-dimethylindane (III) two structures (IIIA) and (IIIB) 
are possible. The tendency for coplanarity between the carbonyl group and 
the rest of the molecule—which is due both to contributions of resonance 
forms to the ground-state hybrid and possibly to steric effects of the ortho- 
methylene group—will be opposed by the usual steric effect. 

If structure IITA predominates, the location and intensity of the absorption 
band should be similar to that of 2,6-dimethylacetophenone, although two 
secondary effects will be operating in opposite directions. Thus the molecule 
will be more hindered since the additional methyl group in the meta-position 
increases the steric effect (cf., for example, Table I, the spectra of 2,6-dimethyl- 
and 2,3,5,6-tetramethyl-acetophenones), but this effect will be opposed by 
the substitution of the cyclopentyl group for the second ortho-methyl group, 
which, as has been noted above, will reduce steric hindrance. If structure 
IIIB predominates, the location and intensity of the absorption band should 
again resemble that of 2,6-dimethylacetophenone, but having undergone 
further steric hindrance due to the ‘‘buttressing”’ effect of the methyl group in 
the meta-position. Since it has been shown that the pronounced steric effect 
in 2,6-dimethylacetophenone is due to the interference of the a- and ortho- 
methyl groups, the cyclopentyl group in IIIB would not be expected to affect 
the amount of steric hindrance obtained. Therefore, if structure IIIB were 
correct, a further steric effect relative to 2,6-dimethylacetophenone should 
occur. From Table | it is seen that only structure IIIA can fit the observed 
spectrum. This is also what would have been expected from scale models, 
since the C=O group has a smaller interference radius than the methyl 
group and would more readily be accommodated in the arrangement as 
represented by IIIA. 

On applying a similar argument to the spectrum of 5-acetyl-6,7-dimethyl- 
tetralin (V), the data at first sight seem to point to a structure VB rather 
than to a structure VA, since the observed spectrum closely resembles the 
spectrum of 9-acetyloctahydroanthracene (IV), and also exhibits an absorption 
intensity more than twice as high as that of 4-acetyl-5,6-dimethylindane 
(IIIA); this is an argument that the two structures are probably dissimilar, 
since if they were similar, the absorption intensity of VA would be smaller 
than that of the corresponding five-membered ring compound IIIA. However, 
if the observed intensity of IV and V is almost wholly due to ‘‘tetramethyl- 
benzene”’ absorption, as is indicated by the spectrum of tetramethyl benzene, 
the argument clearly becomes invalid and the question of the preferred 
configuration remains open. It should be remembered that for compounds 
IV and V, the interplanar angle approaches 90°, and since conjugation is 
hence almost completely inhibited, one would not expect to be able to draw 
conclusions about preferred configurations of these compounds, from a study 
of this particular band. 

The spectrum of 2,3,5,6-tetramethylacetophenone (Table I) is of interest 
as it illustrates the ‘‘buttressing”’ effect of the m-methyl group, which may 
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be regarded as preventing bending away of the o-methyl group (5). That the 
pronounced effect in the spectrum is chiefly of a steric, rather than electronic, 
nature is indicated since in 4-acetylhydrindacene (II), no similar effect (i.e. 
a very pronounced hypsochromic shift) is observed, although in that compound 
both the m-positions are also occupied. 

The secondary band, near 280 my, which may be regarded as derived from 
the low intensity band of benzene near 255 my and which is benzenoid in 
character (4), is not sensitive to the steric influences discussed in the present 
communication. The effect of substituents on this band, together with the 
effect of different solvent systems and temperature variations, will be the 
subject of a separate communication. 

The absorption spectra of the 2,4-dinitrophenylhydrazones of some of the 
sterically hindered acetophenones, together with those of some reference 
compounds, are listed in Table II. The dinitrophenylhydrazones of aceto- 
phenones and propiophenones which absorb maximally at 372 and 374 my 
indicate interaction between the hydrazine group and the benzene ring, 
which is enhanced in para-substituted acetophenones as evidenced by a 
further bathochromic shift and increased intensity of absorption. In the 
dinitrophenylhydrazone of 2-methylpropiophenone this interaction is inhibited 
and the spectrum closely resembles that of the 2,4-dinitrophenylhydrazone of 
cyclohexanone; in which no cross-conjugation is possible, and must be ascribed 
to the > C=N—NH—R (R = 2,4-dinitrophenyl chromophore). The spectrum 
of the 2,4-dintrophenylhydrazone of isobutyrophenone is entirely similar and 
therefore indicates that in this instance, the change from propiophenone to 
isobutyrophenone brings about a change from a planar or near-planar to a 
non-planar configuration. The 2,4-dinitrophenylhydrazones of 4-acetyl- 
hydrindacene (II) and 4-acetyl-5,6-dimethylindane (III) absorb maximally 
at 366 my and 362 mu respectively, indicating an increasing amount of steric 
inhibition of conjugation. 9-Acetyloctahydroanthracene (IV), 5-acetyl-6,7- 
dimethyltetralin (V), tetramethyl-, pentamethyl-, or pentaethyl-acetophenones 
do not form 2,4-dinitrophenylhydrazones, oximes, or semicarbazones under 


TABLE II 


ABSORPTION SPECTRA OF 2,4-DINITROPHENYLHYDRAZONES OF ACETOPHENONES AND RELATED 
COMPOUNDS IN CHLOROFORM 
Wave-lengths and intensities of the main maxima 











Carbonyl compound maz, @nex Color 
my 

Benzaldehyde 372 29,000 Orange-red 
Acetophenone 372 25,000 Red 
Propiophenone 374 25,000 Red 
4-Methylpropiophenone 380 25,500 Red 
2-Methylpropiophenone 362 23,500 Red 
Isobutyrophenone 362 23,500 Yellow 
Cyclohexanone 362 23,500 Yellow 
4-Acetylhydrindacene 366 24,000 Orange 
4-Acetyl-5,6-dimethylindane 362 22,000 Orange 
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the usual conditions. The amount of steric hindrance can also sometimes be 
estimated in the above-mentioned 2,4-dinitrophenylhydrazones by their color 
(see Table II). 
EXPERIMENTAL PART 

The ultraviolet spectra were determined by standard methods using a 
Unicam SP 500 spectrophotometer. ¢ represents the molecular extinction 
coefficient defined by e = [logio(Io/JZ)]/cl, where Ip and J = intensity of inci- 
dent and of transmitted light, respectively, c = concentration in moles/liter, 
and / = cell thickness in centimeters. 

Melting points are uncorrected; analyses were carried out in the micro- 
analytical laboratory (Mr. F. H. Oliver) of the Department of Organic 
Chemistry, Imperial College, London, England. 


Benzaldehyde, Acetophenone, Propiophenone, Isobutyrophenone 

The commercially available compounds were redistilled to constant refrac- 
tive index and intensity of absorption. Light absorption in ethanol: see Table 
1. The 2,4-dinitrophenylhydrazones of these, as well as of the other carbonyl 
compounds described below, were chromatographed on alumina from chloro- 
form—benzene and crystallized, unless otherwise stated, from ethanol — ethyl 
acetate mixtures. Benzaldehyde 2,4-dinitrophenylhydrazone crystallized from 
glacial acetic acid as red needles, melting point 241—-242° (Johnson (10) gives 
melting point 239-240°); acetophenone 2,4-dinitrophenylhydrazone crystal- 
lized from glacial acetic acid as red needles, melting point 250° (Johnson (10) 
gives melting point 247—248°); propiophenone 2,4-dinitrophenylhydrazone 
crystallized as red plates, melting point 196-197° (with decomposition) (John- 
son (10) gives melting point 193-194°); isobutyrophenone 2,4-dinitrophenyl- 
hydrazone crystallized as yellow monoclinic prisms, melting point 165-166° 
(Johnson (10) gives melting point 161—-162°). Light absorption in chloroform: 
see Table I. 


4-Methylpropiophenone 

Anhydrous aluminum chloride (9.1 gm.) was added to toluene (100 ml.), 
and propionyl chloride (6.3 gm.) was added dropwise with stirring at 0°C. 
After stirring for one hour, the mixture was hydrolyzed and isolated in the 
usual manner. The product distilled at 110°, 12 mm., yield 5.5 gm. (55%), 
n22.8 1.5264 (Birch et al. (3) give boiling point 135°, 30 mm.; n?? 1.5278). 
Light absorption in ethanol: see Table I. The 2,4 dinitrophenylhydrazone 
crystallized from ethyl acetate as red monoclinic prisms, melting point 209° 
with decomposition (Cullinane et a/. (8) give melting point 201°). Light 
absorption in chloroform: see Table II. 


2-Methylpropiophenone 

2-Methylpropiophenone was prepared according to the method of Birch 
et al. (3), and was obtained as a colorless liquid, boiling point 100° at 18 mm., 
n22 1.5243 (Birch et al. (3) give n?° 1.5250), yield 9.2 gm. (62%). Light absorp- 
tion in ethanol: see Table I. The 2,4-dinitrophenylhydrazone crystallized 
from ethanol as red plates, melting point 115°. Anal.: Calc. for CisHisOuNa: 





— 
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C, 57.3; H, 4.5; N, 17.8%. Found: C, 57.3; H, 4.5; N, 17.7%. Light absorption 
in chloroform: see Table II. 
2,3,5,6-Tetramethylacetophenone 

Durene (4 gm.), prepared from xylene by the method of Smith (13), was 
dissolved in carbon disulphide (40 ml.) at 0°. Aluminum chloride (4 gm.) 
was added to the stirred mixture in small portions followed by the dropwise 
addition of acetyl chloride (2.4 gm.) over a period of 10 min. Stirring was 
continued for three hours at 0°, and the mixture was then allowed to stand 
overnight at room temperature. It was then poured onto an ice — hydrochloric 
acid mixture and extracted with ether. After drying, removal of ether afforded 
the acetophenone in 55% yield, which crystallized from petroleum ether 
(boiling range 40—60°) as colorless plates, melting point 75° (Meyer (11) 
gives melting point 73°). No oxime, semicarbazone, or 2,4-dinitrophenyl- 
hydrazone could be obtained under the usual conditions. Light absorption in 
ethanol: see Table I. 
2,3,4,5,6-Pentamethylacetophenone 

Pentamethylbenzene (2 gm.), prepared by the method of Smith (13), was 
dissolved in carbon disulphide (50 ml.) and treated with aluminum chloride 
(1.8 gm.) and acetyl chloride (1.1 gm.) as described above. The product, 
which crystallized from methanol as colorless needles, melting point 87°, 
was obtained in 90% yield. Anal.: Calc. for CisHigO: C, 82.1; H, 9.5%. Found: 
C, 82.1; H, 9.7%. No oxime, semicarbazone, or 2,4-dinitrophenylhydrazone 
could be obtained under the usual conditions. Light absorption in ethanol: 
see Table I. 
2,3,4,5,6-Pentaethylacetophenone 

Pentaethylbenzene (5.1 gm., n?* 1.5130), prepared by the method of Smith 
and Guss (14), was treated with aluminum chloride (3.2 gm.) and acetyl 
chloride (2.7 gm.) as described above. The product which crystallized from 
95% ethanol as colorless needles, melting point 143.5-144°, was obtained in 
80% yield. Anal.: Calc. for CisH2s0: C, 83.0; H, 10.9%. Found: C, 83.0; H, 
11.0%. No oxime, semicarbazone, or 2,4-dinitrophenylhydrazone could be 
obtained under the usual conditions. Light absorption in ethanol: see Table I. 
4-Acetyl-5,6-dimethylindane (III) 

5,6-Dimethylindane (1.9 gm., 2° 1.5318), prepared by the method of 
Arnold and Craig (1), in carbon disulphide (30 ml.) was treated with aluminum 
chloride (1.7 gm.) and acetyl chloride (1 gm.) as described above. Fractiona- 
tion at 3 mm. afforded the indane as a pale yellow oil, which solidified on 
standing and crystallized from petroleum ether (boiling range 40—60°) as 
monoclinic prisms, melting point 42.5°. Arnold and Craig (1) report melting 
point 43° for this compound. Light absorption in ethanol: see Table I. The 
2,4-dinitrophenylhydrazone crystallized from benzene as yellow plates, 
melting point 196-197°. Anal.: Calc. for CigH2O.N 4: C, 61.9; H, 5.5; N, 15.2%. 
Found: C, 61.9; H, 5.5; N, 15.1%. Light absorption in chloroform: see Table 
Il. 
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4-Acetylhydrindacene (II), 9-Acetyloctahydroanthracene (IV), and 5-Acetyl-6,7- 
dimethyltetralin (V) 

These compounds were crystallized to constant melting point and constant 
intensity of absorption. Their preparation has previously been described 
(1, 2) and we are grateful to Professor R. T. Arnold for very kindly providing 
us with the required specimens. The last two compounds do not form any 
oximes, semicarbazones, or 2,4-dinitrophenylhydrazones. The 2,4-dinitro- 
phenylhydrazone of 4-acetylhydrindacene crystallized from ethanol as orange 
needles, melting point 185°. Anal.: Calc. for C2oH20O4N4: C, 63.15; H, 5.3; N, 
14.7%. Found: C, 63.2; H, 5.3; N, 14.6%. Light absorption in chloroform: 
see Table II. 
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GROWTH RATES OF SINGLE CRYSTALS OF 
ETHYLENE DIAMINE TARTRATE! 


By A. H. Boot? anp H. E. BuckLey?® 


ABSTRACT 


Single crystals of ethylene diamine tartrate were grown under controlled 
conditions and the growth rate of the faces measured directly in the solution at 
short intervals by means of a travelling microscope. For the (110) (110) pair of 
faces, the fastest growing form, steady growth at constant supersaturation was 
interrupted by occasional short periods of more rapid growth. Rejecting these 
erratic ‘‘spurts’’, reasonably reproducible values could be obtained, and the 
dependence upon supersaturation plotted. The equivalent faces at the opposite 
end of the polar axis of the crystal grew, at low supersaturation, with erratic 
starts and stops, so that reproducible growth-rate values could not be obtained. 
The results are discussed in relation to existing crystal growth theories. 


INTRODUCTION 


Plates cut from large crystals of ethylene diamine tartrate (EDT) havi 
been used instead of quartz in the filter circuits needed for carrier telephone 
systems (9). Growing EDT crystals large enough for this purpose requires 
careful control (7). In order to study the influence of solution conditions on 
the growth of a single crystal it was desired, as a first step, to determine the 
growth rates of the various faces as a function of supersaturation. This paper 
describes an attempt to do this. A later paper reports the use made of the 
method in a search for possible growth “‘improvers”’. 

At the outset it was not known whether reproducible growth-rate measure- 
ments could be obtained on single crystals. Rates of crystalline precipitation 
are usually reproducible, but they represent merely the mean growth rate of 
the large number of crystals involved. Corresponding studies have rarely 
been made on single crystals, and the little information available was confusing. 
It has been observed by many that visibly flawed crystals grow two or three 
times as fast as clear flawless ones, but it seems to have been rather generally 
assumed that crystals free from obvious flaws would grow at the same rate. 
However, no data to support this could be found in the literature. There is, 
in fact, some evidence against it. Berg (1) and others (2, 5) determined growth 
rates of the cube faces of sodium chlorate in a thin film of solution under the 
microscope, while measuring concentration gradients continuously by an 
optical interference method. They found that the growth rates of equivalent 
faces of the same crystal varied widely and that occasionally a face completely 
stopped growing for a while even though it was in contact with a strongly 
supersaturated solution. 

The reason for this behavior is not clear. A possible explanation is that the 
faces studied were so minute that the nucleation centers at which growth 

1Manuscript received March 15, 1955. 
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layers started were few or zero. Their distribution would then be of critical 
influence on the growth rate. It seemed possible that by working with moderate 
sized crystals more reproducible growth rates might be obtained. Diffusion 
effects would, of course, have to be eliminated or held constant. On this point 
Egli and Zerfoss (3) state that usually only moderate stirring is needed to 
eliminate diffusion as a rate controlling factor. Van Hook (6) found this to be 
so for sucrose and concluded that the reaction at the crystal face is a slower 
process than transport toward it. 


EXPERIMENTAL 


The apparatus is shown in Fig. 1. It consisted of a crystallizing chamber 
enclosed by a water jacket, both made of transparent plastic. The volume of 
the crystallizing cell was made large enough in relation to the crystal seed so 
that as the crystal grew, the supersaturation remained constant during the 


CRYSTAL 


Fic. 1. Crystal growth-rate apparatus. 


measuring period. The temperature could be held constant within 0.1°C. The 
shaft of the stirrer operated through a mercury seal to prevent evaporation. 
The crystal was viewed and measured with a low power travelling microscope, 
the transit of which read directly to 0.001 mm. 

Solutions were prepared by dissolving recrystallized EDT-monohydrate in 
water. (The monohydrate is the stable form below 40.6°C.) The solutions were 
used only until they became slightly colored by decomposition products and then 
were discarded. The crystal seeds were about 4-12 mm.? in cross section, and 
were free from visible flaws. They were cemented on a hinged plastic rod 
which was inserted in the cell and the hinged part then drawn up into position 
with a wire. Solutions saturated at the required temperature were prepared in 
a separate water bath; but after the cell was filled the saturation temperature 
was checked in the following way. The crystal was allowed to grow somewhat 
and then the temperature was raised very slowly until the first sign of rounding 
of the sharp edges was seen. This method was found to be accurate to within 
0.2°C. The saturation temperature was checked frequently throughout the 
life of the solution to ensure that the supersaturation had not been lowered 
appreciably by the growth of the crystal. 
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Normally most rapid growth is on the wedge shaped (110) (110) pair of 
faces which cap the negative end of the y-axis. Generally, the edge of the wedge 
was taken as the marker, and measurements were made of the growth along 
the axis. The recorded values therefore do not represent directly the growth 
rates of any real face, but if they are multiplied by cos 45° 30’ (one half the 
interfacial angle) they give the average for the two members of the pair. The 
two were always nearly equal unless one of the faces was visibly flawed. In 
such a case the flawed face grew more quickly so that its area decreased rela- 
tive to the other, and the crystal became asymmetric. 

The equivalent faces at the positive end of the y-axis, (110) (110), are 
reportedly “‘non-growing”’ under the conditions in the industrial crystallizer. 
They are said to grow appreciably only when visibly flawed (7). Measure- 
ments at this end of the crystal were made in the same way. The top and side 
faces (001) and (100) were not studied in detail. Their growth behavior seemed 
similar to that of the (110) (110) pair. 

The settings of the microscope cross hairs against the crystal point were 
reproducible to about 0.003 mm. Growth rates were recorded for equal incre- 
ments of added length, usually 0.02 mm. The average of at least 10 readings 
was taken in each case. 

The effect of stirring speed was studied first. With quite moderate agitation 
a maximum growth rate was reached; then the stirring speed could be doubled 
without any further increase. All subsequent work was done with stirring 
speeds that were well over the necessary minimum. Unfortunately, with such 
agitation it was not possible to work at undercoolings of more than 4 or 5°C. 
(supersaturations of 1.5%) without great danger of spontaneous crystalliza- 
tion. 

Growth rates covering the practical supersaturation range were measured. 
The reproducibility for different individual crystals and the dependence upon 
solution composition and temperature were then studied. 


RESULTS 

(a) The Negative End of the y-Axis 

At constant supersaturation the measured value of the growth rate, when 
the crystal was growing with its normal habit faces and without visible flaws, 
was nearly constant. However, occasionally a sudden jump to a value errati- 
cally higher was noted. This was commonly about twice as great as the steady 
value, the deviation being quite outside the combined errors of temperature 
and length measurement. The rate usually dropped back to the steady value 
in a short time, often on the next reading. The irregularities seemed greater 
when the temperature was changing than when it was held nearly constant. It 
was found better to measure the growth rates at each supersaturation separ- 
ately, holding the temperature constant for a time and dropping it stepwise, 
rather than by interpolating the values from a continuous cooling curve. 

These erratic periods of more rapid growth left no visible mark in the 
crystal. However, sometimes when the supersaturation was high the enhanced 
rate of growth continued for a much longer time before dropping back to the 
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normal rate. Then a visible ‘‘veil’’ appeared. Veils were more frequent when 
the stirring was inefficient. They could be produced almost at will on a given 
face by orienting the face so that it was in the lee of the current. Presumably, 
dead spots in the circulation leading to irregularities in the supersaturation 
of the solution at various points along the face promoted the disordered growth. 

Despite the complication caused by the erratic jumps, it was quite feasible 
to evaluate “‘normal’’ growth-rates. The jumps were usually well-defined and 
not too close together, and so could be rejected unambiguously. The rate 
values quoted later always refer to these corrected values, not to the gross 
average rates. 
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Fic. 2. Growth rates at negative end of y-axis. 


Even with this limitation, some variation outside experimental error was 
found in measurements made under apparently identical conditions. First 
with the same crystal in position, measurements were taken up and down the 
supersaturation scale several times. Then four other crystals successively were 
treated in the same way in the same solution. Later in the work, four other 
crystals were measured at various times in similar solutions. The differences 
between the values obtained in different runs with the same crystal were just 
as great as those between different individual crystals. In Fig. 2 all the values 
obtained are shown without distinguishing separate cases. Although not good, 
the reproducibility was sufficient to allow study of some factors which might 
be presumed to affect the growth rate. 

The effect of temperature was studied first. A series of curves for the same 
crystal over different temperature ranges was plotted. These were replotted by 
interpolation as rate curves at different fixed temperatures. It will be seen in 
Fig. 3 that the rates increase appreciably with increase in temperature. On the 
other hand, the rate was found to be not very sensitive to the presence of those 
substances which normally occur as impurities in EDT solutions. Variations 
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Fic. 3. Growth rates at various temperatures. 


in pH over the range 5.0 to 8.0, due to excess of either tartaric acid or ethylene 
diamine, gave no change sufficiently large to be observable. The decomposition 
products* of EDT also had little effect, at least when in low concentration. 
Solutions aged at 40-55°C. for periods up to four months produced no detec- 
table change in the growth curve. One very much older solution gave erratic 
values, but this effect was not studied further. 

Variation of the size of the crystal from 1 to 10 mm.? cross section did not 
affect the rate of growth. Moreover, the values obtained are of the same order 
of magnitude as those observed with the larger crystals (100 times greater 
facial area) which are grown industrially. Most likely the rate is independent 
of the size of the face. 
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Fic. 4. Growth rates.at positive end of y-axis. 


*Walker (7) states that ‘‘heat and sunlight both cause brownish decomposition products’’, but it 
was found that the color is entirely a result of atmospheric oxidation, heat accelerating the reaction. 
The. solutions remained colorless when under an inert atmosphere or when sodium sulphite was 
added. 
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(b) The Positive End of the y-Axis 

Growth at the positive end of the y-axis of the crystal was quite different 
from that at the negative end discussed above. It proceeded discontinuously 
except when the supersaturation was high. There were long pauses, during 
which no growth at all occurred, intermingled with periods of activity. This is 
represented diagrammatically in Fig. 4 where the markers delimit the highest 
and lowest values observed in a series of tests. 


DISCUSSION 


The marked difference between the growth at the positive and negative 
ends of the crystal makes it necessary to discuss the two separately. 


(a) The Negative End 


It is well established that crystals grow by the spreading out of thin layers 
which start from growth centers on the faces. The irreproducibility of the 
growth-rate determinations under apparently identical conditions must be 
caused by differences in the surface structure, leading to differences in the 
pattern of developing layers. The nature of the growth centers is still under 
discussion. In the Frank dislocation theory (4) they are the points where 
screw dislocation lines emerge at the surface. Growth is controlled by a few 
of the most active ones. Variations in the growth rate would then be caused 
by the shifting of dominant screw dislocations under the influence of slight 
stresses. 

However the erratic “‘spurts’’ may be associated with grosser changes in the 
surface structure caused by the interference of slightly disoriented layer sys- 
tems with each other— an idea rather similar to that suggested by Yamamoto 
(10) to explain skeletal growth. Disoriented junctions between layer systems 
would serve as strong growth centers and lead to more rapid growth. Probably 
there are then two opposing tendencies. One is for a group of active centers to 
become dominant, bridge over gaps, and heal the surface. The other is for the 
disordered structure to spread, and to become less amenable to healing; for 
the gaps between disoriented layers will become larger as growth proceeds 
outward. Consequently, the surface either heals quickly or not at all. In the 
latter event a visible veil appears. It is interesting that a veil usually covers a 
face completely but does not spread to adjacent faces. No doubt, this follows 
from the observed fact that spreading layers usually end at the edge of the face 
on which they start. That veils can frequently be induced to heal at low super- 
saturation may be evidence of the ability of the most active growth center to 
dominate the others. 


(b) The Positive End 


The peculiar growth behavior of the (110) (110) faces is similar to that de- 
scribed for the cube faces of microscopic sodium chlorate crystals (1). This 
raises the possibility that the phenomenon may be a rather common one and 
the smoother increase with supersaturation shown by the (110) (110) faces 
exceptional. Since data for other crystals are lacking, this remains speculation. 
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The complete stopping and sporadic restarting of growth is difficult to 
explain. Blockage of nucleation centers by adsorption of impurities is a 
possibility. More probably, however, the solvent itself interacts with these 
crystal faces in such a way as to inhibit growth. The likelihood of this can be 
seen by considering an experiment of Wells (8). He found that resorcinol 
grown from benzene solution grows equally well at the two ends of the polar 
axis but from water solution most of the growth takes place at one end. He was 
able to explain this convincingly as caused by the interaction of water 
molecules with the non-growing end, the structure of which exposes hydro- 
xylic groups at the surface. It will be of interest to determine whether a similar 


correlation can be made in the case of EDT when its structure is fully 
determined. 
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THE EFFECT OF BORIC ACID ON THE GROWTH OF 
ETHYLENE DIAMINE TARTRATE CRYSTALS! 


By A. H. Bootnu? anp H. E. Buckiey?® 


ABSTRACT 


When present in ethylene diamine tartrate (EDT) solutions in small concen- 
tration boric acid produces many crystallographic phenomena associated with 
specific adsorption on crystal faces; especially habit modification and growth 
inhibition. These effects are typical of those given, incidentally, by ‘‘growth 
improvers”’, and it is concluded that boric acid would be a logical choice for 
intensive testing as a flaw suppressor in the solutions from which large single 
crystals of EDT are grown. 


INTRODUCTION 


To be useful in fabricating channel filters for carrier telephone systems 
crystals of ethylene diamine tartrate must be free from flaws, at least from 
those of visible size. The most common type of flaw is a ‘‘veil’’, an opaque 
region in the otherwise clear crystal caused by disordered growth (also called 
skeletal, disoriented, porous, or rotten growth). To prevent the appearance of 
such veils the crystal must be grown very slowly and uniformly. In industrial 
practice a growing period of several months is required to obtain the desired 
size, which is about one pound in weight. In the present work methods for 
speeding up the growth of flawless crystals were sought. 

It appears to be a general principle of crystal growth, first established by 
Yamamoto (4), that for any crystal there is a critical growth rate which, if 
exceeded, results in skeletal rather than clear compact growth. The critical 
rate depends greatly on the size of the face, being lower for large than for 
small faces, and this makes it all the more difficult to grow perfect crystals of 
large size. The critical rate can, however, be greatly raised by the presence 
in the solution of specific impurities, often in very small amount. Such addi- 
tives have been used successfully in several cases for improving the growth 
of large crystals (1, 2), and the principles involved in selecting a suitable 
additive are becoming clear. Presumably they owe their effect to selective 
adsorption on the crystal faces, which restrains the initiation of new layers. 
This limits the number of layer series existing contemporaneously and so 
prevents them from interfering with one another. 

The adsorption is usually revealed by a number of other crystallographic 
effects. The most important of these are a change of crystal habit, a slowing 
down of the growth rate, and an increase in the supersaturation range in which 
spontaneous crystallization does not occur. A decrease in growth rate compared 
with a pure solution of equal supersaturation is thus connected with an increase 
in the critical rate (the maximum rate for clear growth). To evaluate the worth 

\Manuscript received March 15, 1955. 

Contribution from the Crystallography Department, University of Manchester, Manchester, 
England. Part of a Ph.D. Thesis, University of Manchester, Manchester, England, 1952. 
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of an “improver’’ directly is a difficult and time consuming problem, so that 
an attempt was made to make a preliminary selection of likely substances by 
a study of these associated effects. 


EXPERIMENTAL 


Habit modification effects were studied by crystallizing single crystals in 
test tubes, or in a cell under the microscope. Growth inhibition was studied in 
the apparatus described in the preceding paper. In addition a few tests were 
made in an apparatus similar to that used in industrial practice, as described 
by Walker (3). The crystallizing vessel was a 5 liter beaker. Large seeds about 
2 in. wide were mounted on a “‘spider’’ which rotated in the solution with a 
reciprocating motion, the direction of stirring being reversed every 30 sec. 


RESULTS 


The crystals were for the most part quite unaffected by the presence of 
small amounts of foreign substances introduced into the solution. This applies 
to common inorganic ions, surface active agents, and some arbitrarily chosen 


organic compounds. However, a very powerful and striking effect was found 
with small quantities of boric acid. 





) 


; 











Fic. 1. Crystal habits of EDT: (top) normal; (center and bottom) modified by presence of 
boric acid in the solution. 
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(a) Habit Modification 

Quite small amounts of boric acid suppress the development of the (110) 
(110) faces. The (111) (111) pair, not normally present, appears in their stead. 
It has no such effect at the positive end of the y-axis. The actual concentration 
required depends on the rate of growth. At very slow rates maintained for 
long times, as in the industrial type crystallizer, concentrations over 0.04 gm. 
per liter invariably produced an appreciable development of the (111 (111) 
faces, and at concentrations over 0.1 gm. per liter they completely replaced the 
(110) (110) pair. If both pairs were coexisting and the growth rate was then 
increased the (111) (111) faces became smaller and finally disappeared. In the 
growth rate measurement apparatus the crystals were mostly growing at 
somewhat higher rates than in the larger crystallizer, so that appreciable 
development of the (111) (111) faces was not observed below concentrations of 
about 0.5 gm. per liter, with complete replacement of the other pair at about 
1.0 gm. per liter. The normal and modified forms are shown in Fig. 1. 


(b) Growth Inhibition 


The rate curves for several concentrations of boric acid are shown in Fig. 2. 
Below 0.2 gm. per liter there was no detectable change. From 0.2 to 0.6 gm. 
per liter there was a progressive slowing down of the rate. This was accom- 
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panied by an apparent decrease in the number of the sudden erratic “‘spurts”’ 
discussed in the preceding paper. The tendency toward spontaneous crystal- 
lization was also lessened. The temperature could be lowered several degrees 
below that at which ‘‘snow-storm”’ crystallization usually occurs. 

At concentrations of about 1.6 gm. per liter a rounded (partially dissolved) 
seed grew out to form plane faces and then stopped growing completely. This 
was with a supersaturation of 1.0%. The temperature was then lowered, but 
growth did not start again until the supersaturation was about 2.0%. The 
crystal then grew slowly for a short time but soon stopped growing again and 
remained completely stopped for several hours. 
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The behavior with even larger amounts of boric acid in the solution is 
interesting. The crystals will grow only at high supersaturations and the faces 
appear warped or rounded. Above about 10 gm. per liter a rounded seed does 
not grow out to form plane faces. Instead, a mass of extremely small crystals 
form over the surface. These crystals drift off into the solution and start a 
dense microcrystalline precipitation. Apparently under these conditions it is 
easier for new crystals to form than for growth to proceed on existing ones. At 
yet higher concentrations nuclei formation is so inhibited that the solution 
can be evaporated to a sirup which sets to a glass on cooling. 

This behavior appears to be similar to that observed with substances that 
have been used as growth improvers in other cases. For instance, Egli and 
Zerfoss (1), speaking generally, say that “if concentrations beyond the opti- 
mum are used habit is modified, flaws are induced and spontaneous nuclei 
occur more readily than from pure solution’’. 


On the evidence of these effects, then, which point to an adsorption of the 
desired kind, boric acid would appear to be a logical choice for intensive 
testing as a flaw suppressor in EDT crystallizer solutions. The optimum con- 
centration would probably be below that needed for habit modification. 
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STEROIDS 
III. THE EPIMERIC N-ACETYL-3-AMINOCHOLEST-4- AND -5-ENES' 


By R. A. B. BANNARD AND A. F. McKay? 


ABSTRACT 


Lithium aluminum hydride reduction of the oximes of 3-ketocholest-4- and 
-5-enes gave mixtures of amines. These amines on acetylation and separation 
gave respectively N-acetyl-3(a@)-aminocholest-5-ene, N-acetvl-3(8) aminocholest- 
5-ene, N-acety]-3(a@)-aminocholest-4-ene, and N-acety!-3(8)-aminocholest-4-ene. 
The N-acetyl-3(a)-aminocholest-5-ene (m.p. 184.5°C.) was shown to be identical 
with the cholesterylacetamide obtained by the acetylation of the degradation 
product from N-benzyl-3(a)-aminocholest-5-ene (m.p. 90-91°C.). 


It was previously (6) shown that benzylamine and 3(8)-chlorocholest-5-ene 
heated together at 180°C. gave a mixture of 3(8)-benzylaminocholest-5-ene 
(m.p. 116.5-117.5°C., [a]?> —23°) and 3(a)-benzylaminocholest-5-ene (m.p. 
90-91°C., [a]}?> —9°). Julian et al. (5) had degraded the 3(8)-benzylamino- 
cholest-5-ene to 3(8)-aminocholest-5-ene which they converted into 3(8)- 
acetylaminocholest-5-ene (m.p. 243°C.). The same 3-cholesterylacetamide 
(m.p. 243°C.) was prepared by Windaus and Adamla (7) by heating 3(8)- 
chlorocholest-5-ene with ammonia solution in a sealed tube and by reduction 
of cholest-4-ene-3-one oxime with sodium in alcohol. Two other isomeric 
cholesterylacetamides melting at 190°C. and 216°C. were isolated also from 
the latter reaction. When 3(a)-benzylaminocholest-5-ene was degraded (6) 
to the corresponding amine and converted to 3(a)-acetamidocholest-5-ene 
(m.p. 184.5°C.*), it was thought that this cholesterylacetamide might corre- 
spond to the one melting at 190°C. isolated by Windaus and Adamla (7). 
However since there was no way of confirming this by direct comparison of the 
cholesterylacetamides from the two different reactions, the four epimeric 
N-acetyl-3-aminocholest-4- and -5-enes were synthesized. 

Cholest-5-ene-3-one oxime (m.p. 184.5-186.5°C.) on reduction with lithium 
aluminum hydride gave a mixture of epimeric 3-aminocholest-5-enes. The free 
amines on conversion to their acetyl derivatives and chromatographic separa- 
tion gave a 46.6% yield of pure N-acetyl-3(8)-aminocholest-5-ene (m.p. 243°C. ; 
[a}2*-* —44.9°) pes a 23% yield of pure N-acetyl-3(a@)-aminocholest-5-ene 
(m.p. 184.5°C.; [a]?** —59.4°). The identity of this N-acetyl-3(a)-amino- 
cholest-5-ene with the cholesterylacetamide (m.p. 184.5°C.) obtained from the 
degradation of 3(a)-benzylaminocholest-5-ene (6) was established by a mixed 
melting point determination. 

The configurations of the epimeric 3-benzylaminocholest-5-enes were de- 
duced (6) from their rotations in agreement with the rule that the 3(@) form 
of a steroid will have a higher positive rotation than the 3(8) form (1). If this 

1Manuscript received March 7, 1955. 

Contribution from Defence Research Chemical Laboratories, Ottawa, Ontario. Issued as 
D.R.C.L. Report No. 172. 

2Present address: Monsanto Canada Limited, Ville LaSalle, Quebec. 


’This melting point was previously (6) reported as 189°C. but the substance melted at 184.5°C. 
in the Hershberg melting point apparatus used in these studies. 


1166 











BANNARD AND McKAY: STEROIDS. IIL } 1167 


rule applies to the N-acetyl-3-aminocholest-5-enes then the higher melting 
compound (243°) having the more positive rotation will have to be assigned a 
3(a) configuration. This would reverse the assignments given above for these 
cholesterylacetamides. Thus one must conclude that degradation of the 
3-benzylaminocholest-5-enes is accompanied by an unexpected (6) Walden 
inversion at the C;—N bond or the above rotation rule does not apply to the 
N-acetyl-3-aminocholest-5-enes. The purity and rotations of the epimeric 
N-acetyl-3-aminocholest-5-enes were checked repeatedly to confirm the given 
rotations. 

The reduction of cholest-4-ene-3-one oxime (m.p. 158°C.) with lithium 
aluminum hydride gave a mixture of epimeric 3-aminocholest-4-enes. This 
mixture was acetylated and the acetamides were separated by chromatography. 
This procedure gave a 27% yield of pure N-acetyl-3(8)-aminocholest-4-ene 
(m.p. 223.5°C.; [a]}?*-* +6.2°) and a 28% yield of pure N-acetyl-3(«)-amino- 
cholest-4-ene (m.p. 163—164°C. ; [a]?*-* +105.5°). This is the first time that the 
latter acetamide (m.p. 164°C.) has been described. The rotations of the 
epimeric N-acetyl-3-aminocholest-4-enes agree with the rule that the 3(a) 
epimer should possess the higher positive rotation. 

This work confirms the structure originally (6) assigned to the new N-benzyl- 
3(a)-aminocholest-5-ene (m.p. 90—-91°C.). 


EXPERIMENTAL? 
Cholest-5-ene-3-one 
Cholest-5-ene-3-one (m.p. 122-124°C.) was prepared in 54% yield from 
cholesterol via cholesterol dibromide and 5(a), 6(8)-dibromocholestan-3-one 
following the procedure of Fieser (4). 


Cholest-5-ene-3-one Oxime 


Cholest-5-ene-3-one (2.96 gm.; 0.0077 mole), hydroxylamine hydrochloride 
(0.71 gm.; 0.01 mole), and fused sodium acetate (0.83 gm.; 0.01 mole) in 95% 
ethanol (90 cc.) were heated under reflux for six hours. After the reaction 
mixture had cooled to room temperature, the resultant crystalline slurry was 
poured slowly into 300 cc. of water with stirring and the colorless crystalline 
precipitate (m.p. 165-169°C.) was removed by filtration and dried, yield 
3.04 gm. (98.6%). Three recrystallizations from methanol raised the melting 
point to 184.5-186.5°C. with decomposition, yield 1.79 gm. (58.1%). Buten- 
andt and Schmidt-Thomé (2) report the melting point of cholest-5-ene-3-one 
oxime as 188°C. with decomposition. 


Reduction of Cholest-5-ene-3-one Oxime with Lithium Aluminum Hydride 
Cholest-5-ene-3-one oxime (1.00 gm.; 0.0025 mole) was placed in a glass 
extraction thimble consisting of a glass tube with a sealed-in fritted-glass disk. 
For hot extraction the thimble was placed in a tube which was attached to the 
center neck of a three-neck 300-cc. round-bottom flask equipped with an 
4All melting points are uncorrected and were observed in a Hershberg melting-point apparatus 


using a temperature rise of 2°C. per minute. 
5 Microanalyses by Micro-Tech Laboratories, Skokie, Illinois. 
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Allihn condenser set for reflux and protected from entry of moisture with a 
calcium chloride guard tube. A second neck of the flask was fitted with a 
dropping funnel, and the third neck was closed by means of a glass stopper. The 
flask was equipped with a ‘‘glascol’”’ heating mantle and a magnetic stirrer. 
The entire apparatus was swept with “oxygen-free’’ dry nitrogen as for a 
Grignard reaction. Lithium aluminum hydride (0.862 gm.; 0.023 mole), which 
was weighed in a nitrogen-swept dry-box, was added to the reaction flask 
along with 75 cc. of anhydrous ether. The mixture was heated under reflux 
with stirring until the oxime had all been extracted from the thimble (one 
hour). After the solution had been refluxed for a further period of six hours, it 
was allowed to cool and stand overnight at room temperature. During this 
time the reaction mixture was maintained under an atmosphere of nitrogen. 
The stirred suspension was hydrolyzed after addition of a further 100 cc. of 
anhydrous ether by dropwise addition of water until evolution of hydrogen 
ceased and the precipitate became colorless and granular (5 cc.). Stirring was 
continued for a further hour after which the precipitate was collected by 
filtration and washed with anhydrous ether (6 X 25 cc.). The combined ether- 
eal solutions were concentrated to a volume of 125 cc. and dried over anhydrous 
sodium sulphate (15 gm.). The dry ether solution was evaporated to dryness 
first at atmospheric pressure and then im vacuo at 60°C. The resultant colorless, 
porous, solid residue weighed 0.975 gm. 

No attempt was made to separate this mixture of cholesterylamines but the 
residue was heated with 5 cc. of acetic anhydride at 70°C. for 10 min., cooled, 
treated with 20 cc. of anhydrous ether, and heated under reflux for one hour 
in an apparatus protected from entry of moisture. The mixture was poured 
into 100 cc. of water with stirring and a colorless precipitate separated at the 
ether—water interface. Stirring was continued for 30 min. to complete the 
hydrolysis after which the colorless solid (m.p. 233-236°C.) was removed by 
filtration and dried, yield 250 mgm. The residual aqueous phase was neutralized 
to pH 6 by addition of 10% sodium hydroxide solution followed by 5% sodium 
bicarbonate solution, extracted with ‘‘peroxide-free’”’ ether (6 X 50 cc.), and 
the combined ethereal solutions evaporated to a volume of 200 cc. and dried 
over anhydrous sodium sulphate (15 gm.). The dried solution was decanted 
and evaporated to a volume of 25 cc. on the steam-bath, whereupon colorless 
platelets (m.p. 234-237°C.) separated, yield 202 mgm. The ether solution 
failed to yield more of this substance so was evaporated to dryness. The resi- 
dual pale yellow oil was heated in vacuo at 60°C. in the presence of potassium 
hydroxide to remove a trace of acetic acid, whereupon the oil slowly crystal- 
lized, yield 675 mgm. The latter material, on boiling with 30—60° petroleum 
ether, partially dissolved, leaving behind 42 mgm. of insoluble substance 
melting at 222-232°C. The filtrate was evaporated to dryness, the residue 
(578 mgm.) dissolved in 25 cc. of anhydrous 56—67° petroleum ether and trans- 
ferred to a column for chromatographic analysis (diam. 20 mm.) packed with 
alumina (neutralized, reactivated, activity II, 17 gm.). The column was 
eluted with 50-cc. portions of solvent. The benzene-ether (1 : 1) eluates fur- 
nished two crops of crystalline material, the first and larger amount of which 
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on recrystallization from methanol yielded 248 mgm. (23.2%) of fine colorless 
needles, [a]?#-* —59.4° (103.1 mgm. substance dissolved in chloroform, 10 cc., 
1 dm. tube); m.p. 183-184.5°C. alone and in admixture with an authentic 
specimen of N-acetyl-3(a)-aminocholest-5-ene of m.p. 184.5°C. previously 
(6) prepared. 

The smaller quantity of crystalline material, m.p. 235°C., (60 mgm.) from the 
chromatogram proved to be identical with the higher melting crops (250 mgm., 
202 mgm., and 46 mgm. respectively) previously obtained at various stages in 
the purification of the mixture of N-acetylcholesterylamines. This substance on 
recrystallization from acetone furnished 498 mgm. (46.6%) of N-acetyl-3(8)- 
aminocholest-5-ene as colorless platelets, m.p. 242-243°C.; [a]?#* —44.9° 
(104.2 mgm. substance dissolved in chloroform, 10 cc., 1 dm. tube). Anal.: 
Calc. for Co3Ha4gNO: C, 81.45; H, 11.54; N, 3.27%. Found: C, 81.49; H, 11.59; 
N, 3.71%. This substance is undoubtedly the N-acetylcholesterylamine of 
m.p. 244°C. and 238-240°C. reported by Windaus and Adamla (7) and by 
Julian et al. (5) respectively. 


Cholest-4-ene-3-one 
Cholest-4-ene-3-one of m.p. 81-82°C. was prepared in 94% yield from 
cholest-5-ene-3-one by Fieser’s (4) procedure. 


Cholest-4-ene-3-one Oxime 


Cholest-4-ene-3-one (10.0 gm.; 0.0260 mole) was heated under reflux for six 
hours with hydroxylamine hydrochloride (2.80 gm.; 0.0403 mole) and anhy- 
drous sodium acetate (3.20 gm.; 0.0390 mole) in 350 cc. of 95% ethanol, 
allowed to stand overnight, and poured slowly into 2500 cc. of water with stir- 
ring. The colorless flocculent precipitate which separated was collected by 
suction filtration and dried to constant weight in a vacuum desiccator in the 
presence of phosphorus pentoxide. The crude cholest-4-ene-3-one oxime 
weighed 10.3 gm. and exhibited a double melting point of 88-90°C. and 149- 
151°C. This substance was dissolved in boiling ethyl acetate (75 cc.) and the 
filtered solution allowed to stand in a desiccator in the presence of phosphorus 
pentoxide. Slow adsorption of the solvent by the desiccant caused long clusters 
of colorless needles (m.p. 157—158°C.) to separate. In this manner, over a 
period of four weeks, four crops of crystals of the above melting point were 
obtained, yield 8.90 gm. (85.6%). Diels and Abderhalden (3) report the 
melting point of cholest-4-ene-3-one oxime as 152°C. 


Reduction of Cholest-4-ene-3-one Oxime with Lithium Aluminum Hydride 

The apparatus and procedure were the same as described for the reduction 
of cholest-5-ene-3-one oxime except that 2.00 gm. (0.005 mole) of cholest-4- 
ene-3-one oxime, 1.70 gm. (0.045 mole) of lithium aluminum hydride, and 150 
cc. of anhydrous ether were used. The crude mixture of cholesterylamines 
(1.81 gm.) which resulted from hydrolysis of the complex followed by ether 
extraction was acetylated with acetic anhydride (10 cc.) by the same pro- 
cedure as described for the mixture of cholesterylamines resulting from 
reduction of cholesten-5-one-3 oxime. 
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The cholesterylacetamides proved to be entirely ether extractable. The 
ether extract on evaporation to dryness in vacuo furnished 2.00 gm. of pale 
yellow solid. This material was refluxed with 58—-64° petroleum ether (25 cc.), 
the suspension filtered, and the solid residue (m.p. 221.5-223°C.) on the filter 
washed with 2 X 10 cc. of boiling petroleum ether, yield 262 mgm. This sub- 
stance proved to be identical with a second crop of material (m.p. 221-—223°C.) 
which separated from the petroleum ether solution on cooling, yield 298 mgm. 
The petroleum ether solution failed to yield any further crystalline substance 
on slow evaporation and was consequently evaporated to dryness im vacuo 
and brought to constant weight. The resultant pale yellow oily solid (1.45 gm.) 
was dissolved in 58-64° petroleum ether and transferred to a column (diam. 
24 mm.) packed with alumina (neutralized, reactivated, activity II, 46 gm.) 
for chromatographic analysis. The column was eluted with 100-cc. portions of 
solvent. 

Elution with benzene-ether (1 : 1) gave 143 mgm. of crystalline substance 
which, after recrystallization from methanol, gave 71 mgm. of flat colorless 
needles which proved to be identical with the substance of m.p. 221—223°C. 
previously obtained. The three crops of this substance (262 mgm., 298 mgm., 
and 71 mgm. respectively) were combined and recrystallized from methanol 
(35 cc.) yielding 592 mgm. (27.7%) of N-acetyl-3(8)-aminocholest-4-ene, m.p. 
222.5-223.5°C., [a]?*-* +6.2° (104.2 mgm. substance dissolved in chloroform, 
10 cc., 1 dm. tube), as long flat needles. Calc. for CosHagNO: C, 81.45; H, 11.54; 
N, 3.27%. Found: C, 81.22; H, 11.71; N, 3.27%. 

Elution with ether containing 0.5% methanol gave 801 mgm. of colorless 
crystalline substance, which on recrystallization from m-pentane (35 cc.) 
yielded 615 mgm. (28.8%) of colorless feathery needles melting at 160—-161°C. 
Two more recrystallizations from the same solvent raised the melting point to 
163-164°C., [a]?** +105.5° (103.1 mgm. substance dissolved in chloroform, 
10 cc., 1 dm. tube). Anal.: Calc. for CogHsgNO: C, 81.45; H, 11.54; N, 3.27%. 
Found: C, 81.16; H, 11.30; N, 3.64%. The latter substance is the hitherto 
unreported N-acetyl-3 (a)-aminocholest-4-ene. 
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THE INFRARED AND RAMAN SPECTRA OF cis AND trans 
DIBROMOETHYLENE, TRIBROMOETHYLENE, AND AN 
APPLICATION OF THE FREQUENCY SUM RULE! 


By J. C. Evans? anp H. J. BERNSTEIN 


ABSTRACT 


Complete vibrational assignments have been obtained for tribromoethylene 
and cis dibromoethylene and thermodynamic functions calculated. Ten of the 
twelve fundamentals of trans dibromoethylene have been assigned and the 
approximate frequency of the missing pair evaluated by application of the 
pe carw sum rule. The heat capacity of trans dibromoethylene has been 
calculated. 


Satisfactory spectroscopic data exist for vinyl bromide (6) and 1,1-dibromo- 
ethylene (9), while the infrared active fundamentals of tetrabromoethylene 
below 300 cm.—! remain to be observed (11). Previous investigations did not 
enable complete vibrational assignments to be made for tribromoethylene, or 
for cis and trans dibromoethylene. The Raman spectrum of tribromoethylene | 
has been obtained (15), but in the absence of values for the depolarization 
ratios only a very limited assignment was attempted. More extensive work 
has been done on the cis and trans dibromoethylenes (8, 10, 17), but for both 
molecules the. assignments are incomplete. 

In this investigation, the Raman spectra of the liquids with depolarization 
ratios and the infrared spectra of the liquids and their vapors were obtained 
for tribromoethylene and cis and trans dibromoethylene. Complete assign- 
ments for tribromoethylene and cis dibromoethylene, and an assignment of all 
but two modes (Raman inactive, infrared active lying below 250 cm.~') for 
the trans molecule, have been made. 


EXPERIMENTAL 

The sample of C2.HBr; (Eastman Kodak) was fractionally distilled under 
reduced pressure. A mixture of cis and trans C2H:2Br2 (Eastman Kodak) was 
redistilled and a partial separation of the isomers was achieved by fractional 
distillation with absolute alcohol (18). 

A White photoelectric recording grating spectrometer (20) and a Perkin 
Elmer Model 12C double pass infrared spectrometer (LiF, CaF, NaCl, KBr, 
and CsBr optics) were used to obtain the spectra. Depolarization ratios were 
measured (7) and corrected for convergence error (16). The Raman spectra of 
liquid mixtures of cis and trans dibromoethylene were obtained at several 
temperatures between 0° and 85°C., the temperature variation of the cis = 
trans equilibrium being sufficient over this range to enable the identification of 
the Raman bands of the cts and the trans species to be made. The spectra of 
the cis-enriched and the ¢rans-enriched samples at room temperature made the 


identification unequivocal. 
1Manuscript received January 21, 1958. 
Contribution from the Division of Pure Chemistry, National Research Council, Ottawa. Issued 


as N.R.C. No. 3606. 
2National Research Council Postdoctorate Research Fellow, 1958-1956. 
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Under conditions of optimum resolution with the NaCl prism it was possible 
to resolve only partially the rotational structure of the perpendicular a, band 
of trans dibromoethylene at 899 cm~'. Complications from hot bands may 
account for this. 

Figs. 1, 2, and 3, respectively, illustrate the Raman spectrum of the liquid, 
the infrared spectra of the liquid and solution, and the infrared spectrum of the 
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Fic. 1. Observed Raman spectrum of equilibrium mixture of cis and trans dibromoethylene 
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Fic. 2. Infrared spectrum of an equilibrium mixture of cis and trans dibromoethylene at 
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Fig. 3. Infrared spectrum of an equilibrium mixture of cis and trans dibromoethylene vapor 
spectrum. 
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Fic. 4. Raman spectrum of liquid tribromoethylene. 
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vapor of the cis-trans dibromoethylene equilidrium mixture at room tempera- 
ture. Tables I and II summarize the assignment for thé cis and trans molecules. 

Fig. 4, the Raman spectrum of liquid tribromoethylene, is a direct repro- 
duction of a chart taken at high scanning speed, and some of the features 
which are obvious at slower scanning speeds are not apparent. Fig. 5 shows the 
infrared spectrum of tribromoethylene. Tables III and IV summarize the 
assignments of all the observed bands of tribromoethylene, while in Table V 
the assignments of the fundamental modes of tribromoethylene and tri- 
chloroethylene are compared. 


TABLE I 
INFRARED AND RAMAN FREQUENCIES FOR cis C2H2Bre 

















Infrared Raman 
Assignment 
Vapor Liquid cm.~! imei 
3161 w 3158 w Pp 2ve = 3170 (41) 
3084 
3081 3064 s vs (b1) 
3076 
3061 s ~0.4 vy (a1) 
2826 Ww v2 +y9 => 2839 (B;) 
2727 vw votv3 = 2735 = (A1) 
2630 vvw Qviotvs = 2646 (A) 
2166 Vw votys = 2165 (A,) 
2001 VVW ve trio = 2002 (A) 
1595 
FA 1585 Ss 1581 s P v2 (a) 
15284 
1543 
1539 1540 m vetve = 1533 (Bi) 
1535 
1338} 1489 m 1485 vw votre = 1496 (A:) 
1369 w vstvo = 1372 (B,) 
1328 w vatvio = 1328 (Bi); 
vetrn = 1327 (Bz) 
1268) 
1264 } 1254 s vg (d1) 
1260! 
1150 vw 1150s 0.68 vs (a) 
1044 vvw 1044 vw vaton = 1045 (Bi); 
wt+r2 = 1038 (B:) 
867 vvvw vstvio = 866 (B;) 
862 w 0.85 vs (ae) 
830 v wten = 833 (Bz) 
762 
757 748 vs vio (d1) 
753 
738 sh. m. vite, = 736 8 (A;) 
679 
670 670 vs ~670 w 0.86 v2 (be) 
662 
a 580 s 580 vs 0.12 ai. tod 
471 
? 465 s 462 m 0.86 vn (dy) 
461) 
368 m 0.86 v7 (a2) 


118 vs 0.5 V5 (a;) 
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TABLE II 
INFRARED AND RAMAN FREQUENCIES FOR frans C:H:Br: 

















Infrared Raman (liquid) Assignment 
Vapor Liquid cm.—! Peorr- 
3158 w r 2v. = 3162 (A,) 
3089 s 0.22 v1 (ag) 
soe 3081 s vo (bx) 
2727 vw vetvio = 2741 (By) 
2396 vw veto = 2411 (By) 
1927 Vw yt = 1931 (By) 
1905 sh. vvw vetvrio = 1903 (By) 
leno) 1628 m. vets = 1635 (By) 
1581s P ve (ag) 
1251s 0.30 vs (Gy) 
168} 1160s vo (bs) 
900(center) 899 vs ve (ax) 
743 m 0.22 va (Ag) 
691) 736 w 0.86 vs (be) 
686/ 681(CS: sol.) vs vu (bu) 
218 vs 0.39 vs (Gg) 
TABLE III 


RAMAN SPECTRUM OF C2HBr; (LIQUID) 











Corrected 
depolarization 

cm.-! ratio Intensity* Assignment 
a oa po = = 3100 } Fermi resonance 
1661 0.30 0.41 vetvs = 1667 

1640 2v, = 1652 

1552 0.43 1.35 v2 

Fermi 

1531 0.40 0.31 Qe = 1536; m-+5 = 1533 ne 
1499 , Vetvstvs = 1513 

oe \o.49 0.64 ~ 4, Fermi resonance 
1176 vot = 1168 

826 0.48 0.26 M% 

811 sh. 2Qrin => 808; Vstvrg = 814 

766 0.86 0.084 v10 

699 0.17 0.12; Vs 

500 0.16 0.052 ¥% 

469 2», = 476 

442 VVW Qry2+y9 => 251 

402 0.86 0.050 Yu 

238 0.28 0.36 oa 

184 sh. 0.69 0.025 Vs 

168 0.86 0.074 vi2- 

115 0.61 0.031 v9 





*Intensities quoted are the standard intensities relative to the CCl, band at 458 cm™. A correction 
for the reflection loss should be applied to these values. The method for determining these intensities 
has been described (8). 
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A Capillary film of the liquid; 
B_ 0.1 mm. film of the liquid; 
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; 
: 
TABLE IV 
INFRARED SPECTRUM OF C:HBr; 
Liquid Vapor Assignment Liquid Vapor Assignment 
3180 vw u+vs = 3178 || 1008 vw 2ve = 1008; 7 +vi0 = 1005 
3101 vs aaah | utvs = 1012 
3065 n f ea || 977 vvvw ve+2nm = 979 
2756 vw wetvs = 2765 i} 952w vstvio = 951 
2037 vw vatue = 2036 940 w mtve = 943; vriotee = 935; 
1900 vw wu+vs = 1910 | vs+nm = 940 
1796 w nu+n = 1793 | 870 vw sh. vs+n2 = 870; »9+n0 = 882 
1775 w v2+2v9 = 1787 = 343 F 
1747 vw n+tvs = 1739 ikea 338 
1665 w vutvs = 1672 8l4w 2vu = 816; »s+9 = 817 
1557 m ve (776 
) Fermi 768 s 771 = 0 
1538 m 2uo = 1536; u+vs = 1533 preso- 766 
nance 744 vw sh. vetur = 741 
1401 vw vstvs = 1404 704 vs 711 % 
1329 vw u+vs = 1331 688 vw sh. vet+vs = 687 
1318 vw vat+vs = 1323 621 vw vetvs = 618 
1240 vvw sh. uty = 1233 593 vw vate = 589 
isis i \Ferini resonance me "’ 
1206/§ vstvs = 1205 f 465 vw 2 = 476 
1180 vvw sh, mo+rn = 1172 408 m vu 
1065 vw u+n = 1066 364 vvw 2vs = 368 
1030 vvw 2u2+vs = 1038; 241+” = 1C48 
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TABLE V 
ASSIGNMENT OF THE FUNDAMENTAL MODES OF C:HBrs3 














C:HBr; C:HC1,* 
Corrected Corrected 
v Approximate Wave depolarization Wave depolarization 
description number ratio number ratio 
1 va’ (CH) ff3100 P 3080 P 
3064 
2 ve’ (C=C) £f1555 P 1589 P 
1535 
3 6.’ (CH) I iat 2 1242 0.56 
1204 
4 va’ (C—X) 828 0.48 932 0.65 
5 ve’ (C—X) 702 0.17 840 0.24 
6 ve’ (C—X) 503 0.16 628 0.16 
7 a’ skeletal 238 0.28 381 0.35 
8 a’ skeletal 184 0.69 274 0.77 
9 a’ skeletal 115 0.61 172 0.60 
10 6.’ (CH) 767 0.86 730 0.86 
11 a” skeletal 402 0.86 450 0.86 
12 a” skeletal 168 0.86 211 0.86 





f = Fermi resonance. 
*Allen, G. and Bernstein, H. J. Can. J. Chem. 82:1044. 1954. 


DISCUSSION 
cis and trans Dibromoethylene 


The assignments are consistent with the selection rules, the depolarization 
ratios, the vapor band contours,* and with the assignments for the corre- 
sponding chloroethylenes (5). The missing trams fundamentals, v7 and 72, lie 
beyond the CsBr prism limit but a rough estimate of their sum may be made 
from the vapor phase equilibrium data obtained by Noyes and Dickenson 
(14). For the equilibrium cis = trans, these authors determined the heat of 
isomerization to be — 130+300 cal./mole. Assuming AEo° ~ 0+300 cal./mole, 
and using the moments of inertia quoted in the footnote and the equilibrium 
constant at 158°C. of 0.98, it is found by a calculation analogous to that 
described for the chloroethylenes (5) that v7+712 = 340+90 cm“. 

Another estimate of each missing frequency will be described below. 


Tribromoethylene 


The 12 fundamental modes are distributed between the symmetry species 
a’ and a” as 9a’+3a’’. The three depolarized Raman bands are assigned to the 
3a” modes and, in the case of the highest and strongest »10, the infrared vapor 
band contour provides confirmation. The nine polarized a’ modes fall readily 
into the approximate descriptions given in Table V. 

*Assuming bond lengths for both cis and trans molecules: C=C = 1.34A, C—Br = 1.84A, 
C—H = 1.07A, and all angles 120°, the foliowing moments of inertia were determined: 


trans I4 = 9.3, Ip = 1844, Ic = 1853 gm. cm.? X 10-* (approximates to a symmetric top); 
cis I, = 106,Ip = 679,Ic¢ = 785 gm.cm.2 X 10-*; S = —0.95, p = 5.6 for the cis molecule(1). 
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The Frequency Sum Rule 


It has been shown that the frequency sum rule is applicable to the chloro- 
ethylenes (4) and that the five parameters of Table VI describe the relations 
between the sums adequately. Here m is the number of substituted halogen 
atoms’ in the series C.H;_,H,. To apply the sum rule to the bromoethylenes 











TABLE VI 
n Molecule zp 
0 CoH, a 
1 C2H3;X a+b 
2 23 1—C:H2X- a+2h+c 
> cis C2H2X2 a+2b+d 
2 trans CoH2X2 a+2b+e 
3 C.HX; a+3b+c+d+e 
4 CoX, a+4b+2(c+d+e) 





the data given in Table VII have been used. Just as for the chloroethylenes 
the sum rule should apply to the in-plane modes and out-of-plane modes as 
well as for all the modes. In Table VIII the sums for trans dibromoethylene 
and C.Br, have been calculated from the experimental sums for ethylene, 
vinyl bromide, cis- and asym-dibromoethylene and tribromoethylene. In this 














TABLE VII 
CH, C:H;Br® cis CoH2Broe trans¢ asym4 C:HBr;° C.Br,¢ 
In-plane 
3108 3103 3064 3089 3108 3070 1532 
3106 3075 3060 3081 3023 1547 885 
3020 3014 1581 1581 1593 1206 767 
2990 1596 1254 1251 1373 826 631 
1623 1370 1150 1160 1065 699 267 
1443 1253 748 743 696 503 211 
1342 1004 580 681 467 238 144 
1236 601 465 218 322 184 — 
810 348 118 _— 184 115 _ 
Out-of-plane 
1027 942 862 899 886 766 464 
949 906 670 736 688 402 —_ 
943 583 368 — 405 168 — 





*Arnett, R. H. and Crawford, B. L. J. Chem. Phys. 18: 118. 1950; with the new value for vs 
(big) found by Stoichef, B. P. J. Chem. Phys. 21: 755. 1958. 

>Reference 6. 

¢This work. 

4Reference 9. 

*Reference 11. 


way v7(a,) and »12(b,) are calculated as 194+63 cm.—! and 154+130 cm.~! 
respectively for trans dibromethylene; »4+v7 = 265445 cm.—! and viot+r12 
= 303+100 cm.—! are calculated for tetrabromoethylene. The quoted uncer- 
tainties are maximum values based on assuming an error of +25 cm. in the 
sum of the 12 observed frequencies for each molecule. 
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TABLE VIII 

Total In-plane Out-of-plane 
Calc. Obs. Calc. Obs. Calc. Obs. 
C:H, 21597¢ 186782 2919¢ 
C:H;Br 17795° 15364° 24315 
cis C:H2Bre 13920¢ 12020¢ 1900¢ 
asym 13810¢ 118314 19794 
trans 13787! = 11957/ 11803¢ 1830/ 1636¢ 

137302 +97+712 11939¢ +2 1791¢ +9; 
C:HBrs; 9730¢ &394¢ 1336¢ 
CBr, 5467/ f 4900¢ 4738/ { 4435¢ 729/ { 464° 

54609 tytn 4750¢ +r0+r12 710° +ret+r7 


(+r0+712 





a,b,¢,4,¢Same footnotes as in Table VII. 
‘From parametric equations. 
°From linear plots. 


The frequency sum rule may be applied in a graphical manner and possibly 
less uncertain values may be obtained. From Table VI it is readily seen that 
the values of vv for m = 0, 1, the average for n = 2, m = 3, and 4 lie ona 
parabola. The sums then for two homologous series such as the chloroethylenes 
C.H.,Cl, and bromoethylenes C2H«,Br, are given by two quadratic equa- 
tions, viz.: 


D»C:Hi.Cl, = a+n ( — crete +n (stets) 


and 


>»C:H..Br, = a-+n( = tote) ow ( + +#') , 
In general there will be a relation between }>vy C:H,,Cl, and }>v C2H«_,Br, 
of the type 


dv» C:H,.,Cl, =A +B(dv C.Hy,Br,)+C(Sv C.H,,Br,)?. 
However, this will be linear if C, which is proportional to 
[(c’+d’+e’)/b’]—[(c+d+e)/b], 

is very small. 

In the case of the above-mentioned series the three points corresponding to 
n = 0, 1, and 3 plotted for the sums of the chloro- and bromo-ethylenes lie 
within the experimental uncertainty on a straight line (Fig. 6). Similarly, 
straight lines are obtained from the plots of the in-plane and out-of-plane 
sums. Interpolation from the known value of the average of the sums of the 
three disubstituted chloroethylenes gives a value for the average of the three 
disubstituted bromoethylenes and extrapolation to the value for C:Cl, allows 
the corresponding values for C2Br, to be estimated. 

In Table VIII the calculated sums for trans dibromoethylene and C.Br, 
obtained from linear plots of corresponding sums are also shown. In Table IX 
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Fic. 6. Frequency sums (cm.~') of the chloro- and the bromo-ethylenes. 
the calculated values for missing frequencies in these molecules have been 


collected. The usefulness of the sum rule for estimating low lying frequencies 
may be judged from the uncertainties for these values given in Table IX. 


TABLE IX 
CALCULATED MISSING FREQUENCIES 











From From From 
linear relations equilibrium Mean 
plots of Table VI data - value 
trans v7 154+30 194+63 164+50 
C2H2Brz v2 135+94 154+130 145+110 
w+tne 289+124 348+ 193 340+90 320+135 
C.Br vatvr7 246+10° 265+45 255 +40 
= viotvi2 315+702 303 + 100 309 + 100 





@ Using the assignment for C2Cl, given by Mann, Acquista, and Plyler (12). Somewhat different 
values are obtained if the assignment of Bernstein (2) 1s used. 


Thermodynamic Functions 

The vibrational contributions were computed from tables by Miller, West, 
and Bernstein (13), while the formulae given by Rossini et al. (19) were used 
to determine the rotational and vibrational contributions. The moments of 
inertia of the dibromoethylenes have been quoted earlier. Using the same 
values for bond lengths and angles, the product of the moments of tribromo- 
ethylene was determined as I, Ip I¢ = 1.210 X 10-'" gm. cm*. 
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TABLE X 
CALCULATED THERMODYNAMIC FUNCTIONS 











F°-—E> 
i G Ss _ — 
C:HBr; as an ideal gas 
300 20.51 85.69 70.94 
400 22.79 91.92 75.43 
500 22.44 97.18 79 .27 
600 25 .68 101.76 82.65 
cis C2H2Brz as an ideal gas 
300 16.53 75.80 64.07 
400 19.17 80.93 67 .65 
500 21.17 85.43 70.77 
600 22.71 89.44 73.55 


trans dibromoethylene as an ideal gas 
300 17 .00 


400 19.40 
500 21.30 
600 22.80 





The thermodynamic functions have been given for a few temperatures only 
since liquid data have been used for many of the vibrational frequencies. 
Furthermore, only C°, was calculated for trans dibromoethylene since large 
uncertainties arise in calculating the other thermodynamic functions from the 
uncertainties in the values for v7 and »;2. It may be shown numerically that for 
two modes », and »», the contribution to the vibrational heat capacity from », 
plus the contribution from », is very nearly equal to twice the contribution 
from (vg+v,)/2 (at the same temperature). The best estimate for v7+712, 
320 cm.—!, was used in the computation, and the error in C°, is determined by 
the error in estimating v7+712. 

The results for the three molecules are given in Table X. 


The authors have appreciated helpful correspondence with Professor M. de 
Hemptinne who has been investigating the vibrational spectra of cis and trans 
dibromoethylene and their deuterated analogues at the same time as the 
present work was done. 
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THE SYNTHESIS OF ETHANOLAMINE-1-C" 
By D. E. DouGLAs AND ANNA MARY BurRDITT 


Pilgeram et al. (4) have reported a synthesis of uniformly labelled ethanol- 
amine-C from barium carbonate-C“ via acetylene and ethylene oxide, 
yielding di- and tri-ethanolamine as by-products. 

We have synthesized ethanolamine-1-C™ from radiocyanide through the 
formation of (C'4-cyano)methyl benzoate (1,3) and its subsequent reduction 
with lithium aluminum hydride to ethanolamine in 30% over-all yield. This 
method involves only two stages and yields solely primary amine. The re- 
actions are as follows: 


H,O+HCHO+NaC¥N = HOCH:2C*N + NaOH 


NaOH+HOCH:C"N +CsHsCOCI — CsHs;COOCH:C4N + NaCl 


CsHsCOOCH2C4N mma C.sHsCH2OH +HOCH:2C"H2N Ho. 


EXPERIMENTAL 


(C*-Cyano)methyl benzoate was prepared by the method of Aloy and 
Rabaut (1) on a semimicro scale as follows: To 0.154 gm. (2.9 mM.) of sodium 
cyanide-C™ (3.28 X 107 counts/min. total activity) in 0.5 ml. of water cooled 
in an ice-bath and stirred with a magnetic stirrer was added 0.24 ml. of 37% 
formalin (2.7 mM. of formaldehyde). After one hour, 0.30 ml. (2.6 mM.) of 
benzoyl chloride was added, and stirring at 0°C. continued three hours 
longer. After the addition of 3 ml. of 5% sodium bicarbonate, the reaction 
mixture was extracted continuously with ether for two to three hours. The 
ether extract was dried thoroughly, first over calcium chloride, then over 
Drierite. 

The cyanomethyl benzoate was reduced without isolation by the gradual 
addition of the dried ether solution to 3.5 ml. of an ethereal solution of lithium 
aluminum hydride (approximately 2.6 mM. per ml.). The complex was decom- 
posed by stirring with 30 ml. of water, added slowly, the ether was removed 
by evaporation, and the aqueous phase was saturated with carbon dioxide. 
The aluminum hydroxide was centrifuged off and washed thoroughly with 
several portions of hot water. The supernatant and washings were combined, 
1 ml. of ethylene glycol monobutyl ether (2) and 5 ml. of 0.5 N sodium hy- 
droxide added, and the ethanolamine and water removed by lyophilization 
and condensed into a trap cooled with dry ice — isopropyl alcohol. The residue 
remaining was taken up in water, 1 ml. of ethylene glycol monobutyl ether 
added, and lyophilization repeated. This process was carried out four times 
altogether. The ethanolamine was recovered as hydrochloride by evaporation 
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of the combined condensates from the cold trap with excess hydrochloric acid, 
and the salt recrystallized from isopropyl alcohol - ether. Yield: 0.0946 gm. 
(30.9%, based on sodium cyanide). The material was recrystallized for activity 
and melting point determinations. Specific activity: 132,000 counts per min. 
per mgm. Melting point: 79.8-82° C. Mixed melting point with authentic 
ethanolamine hydrochloride: 79.8-83° C. 

Thirty-seven per cent of the initially added radiocyanide activity was found 
in the aqueous phase after ether extraction of the cyanomethyl benzoate. 

To check the radiopurity, ethanolamine hydrochloride prepared by the 
above procedure was chromatographed on paper, with water-saturated phenol 
as the developing solvent. Radioautography indicated that the material was 
essentially free from radioactive contaminants. The Ry was 0.76. 


1. ALoy, J. and RaBaut, C. Bull. soc. chim. France, (4) 13: 457. 1913. 

2. Horstey, L.H. Anal. Chem. 21: 838. 1949. 
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A SELF PUMPING DROPPING MERCURY ELECTRODE FOR USE 
WITH STIRRED SOLUTIONS! 


By D. M. MILLER 


The theory of polarography assumes the formation of a polarized layer around 
one electrode in an electrolysis cell. If through agitation of the solution this 
layer is disturbed the current passing through the cell is no longer diffusion 
dependent and the Ilkovic equation does not apply. Wilson and Smith (12) 
studied the effect of increasing flow rate of solution on the dropping mercury 
electrode (DME) and found first of all a deviation from diffusion controlled 
current and finally a complete disruption of the regular drop formation. 
By employing a slow rate of flow in a horizontal direction they were able to 
monitor continuously sulphur dioxide in industrial solutions by a polarographic 
method (13). This principle has been used by a number of workers (1, 11) 
while others have employed baffles (4, 5, 6, 7, 14) and some have even aban- 
doned the ordinary DME in favor of the vibrating DME (2), or solid electrodes 
(3, 9, 10). 

This paper describes a cell in which the DME is situated in a side arm 
and the solution is circulated past the electrode by the pumping action 
of the detached drops descending through a capillary. Basically the cell 
consists of a Lingane-Laitinen H cell (8) to which a side arm has been attached 


1Contribution No. 45, Science Service Laboratory, London, Ontario. 
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Fic. 1. Polarographic cell assembly. 


as shown in Fig. 1. The DME capillary A is inserted through rubber tubing B 
into the top part of the side arm, the mercury drops falling into capillary D. 
The diameter of D is slightly smaller than that of the detached mercury drops 
(approximately one millimeter) so that the drop seals the capillary and forces 
the solution downward as it falls. This draws fresh solution into the side arm 
through C and because of the small volume of liquid in the side arm the 
solution is completely changed with every two or three drops. Each drop 
comes to rest at E, the lowest point in D, where it remains until forced out 
by the succeeding drop and thus temporarily seals the side arm against 
disturbances in the main body of the solution F. Since the drop descends to 
E in less than a second, the solution is in motion for only a short time at the 
beginning of each drop formation, and for drop times of four seconds or 
greater the effect on the polarogram is negligible. 

To test the response of the DME to changes in solution composition, 
10 ml. of a 0.1 N KCI solution saturated with air were placed in the cell and 
the polarogram recorded by a Sargent Model XXI Visible Recording Polaro- 
graph. The applied e.m.f. was constant at —0.75 v. vs. S.C.E., the sensitivity 
set at 0.030 uamp./mm., the damping switch in the off position, and the drop 
time 4.55 sec. The polarogram obtained under these and the following condi- 
tions is shown in Fig. 2. For the first minute the diffusion current due to 
oxygen is recorded. At point LZ a fritted glass gas dispersion tube was plunged 
into F and nitrogen bubbled through the solution at about 100 ml./min. 
The rapid drop in the oxygen concentration is indicated by the fall in the 
current between one and three minutes. Two drops of cadmium sulphate 
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Fic. 2. Response of polarograph cell: 
L—nitrogen bubbled through cell. 
M—cadmium sulphate solution added. 
N—bubbler withdrawn. 


solution were introduced at M and the subsequent rise in current demonstrates 
a 98% response in 30 sec. following a change in concentration in F. At point V 
the dispersion tube was withdrawn with no visible effect on the polarogram. 

The cell as depicted in Fig. 1 has proved very useful for general polarographic 
work. If clamped into a water bath and cleaned by suction it provides the 
added advantage that the position of the DME is fixed and reproducible. 
Certain precautions must be observed however in the building of this cell or 
design of other assemblies based on the same principle. The length of C must 
not be too great because of its high resistance (this was 1200 ohms in the cell 
used by the author with 0.1 N KCI as ground electrolyte). Further, the agita- 
tion in F must not be violent enough to cause vibration of the DME or to 
dislodge the mercury drop prematurely from its position at E. Actually, 
stirring by the means described here is preferable since it is thorough, smooth, 
and rapidly deoxygenates any added reagents. The DME is undisturbed by 
the gas flow, even to the point at which the solution foams over the top of 
the cell. 


t. BECKMANN, P. Chemistry & Industry, 791. 1948. 

2. BERMAN, D. A., SAUNDERS, P. R., and WiNzLER, R. J. Anal. Chem. 23: 1040. 1951. 
3. Cooke, W. D. Anal. Chem. 25: 215. 1953. 

4. Jura, W.H. Anal. Chem. 26: 1121. 1954. 

5. Laitinen, H. A. and Burpett, L. W. Anal. Chem. 22: 833. 1950. 











MILLER: DROPPING MERCURY ELECTRODE 


. Laitinen, H. A., Hicucui, T., and Czuna, M. J. Am. Chem. Soc. 70: 561. 1948. 
. Larcnar, T. B. and Czuna, M. Anal. Chem. 26: 1351. 1954. 

. LinGaNne, J. J. and Laitinen, H. A. Ind. Eng. Chem. Anal. Ed. 11: 504. 1939. 

. Maree, T. L. and Rocers, L. B. Anal. Chem. 25: 1351. 1953. 

. MOo.ier, O. H. J. Am. Chem. Soc. 69: 2992. 1947. 

. Spoor, W. A. Science, 108: 421. 1948. 

. Witson, L. D. and Smitn, R. J. Anal. Chem. 25: 218. 1953. 

. Witson, L. D. and Smita, R. J. Anal. Chem. 25: 334. 1953. 

. WisE, W.S. Chemistry & Industry, 37. 1948. 


RECEIVED FEBRUARY 7, 1955. 

SCIENCE SERVICE LABORATORY, 

CANADA DEPARTMENT OF AGRICULTURE, 

UNIVERSITY OF WESTERN ONTARIO SuB Post OFFICE, 
Lonpon, ONTARIO. 





1187 

















CANADIAN JOURNAL OF CHEMISTRY 


Notes to Contributors 


Manuscripts 

(i) General. Manuscripts, in English or French, should be typewritten, double 
spaced, on paper 8} X11 in. The original and one copy are to be submitted. 
‘Tables and captions for the figures should be placed at the end of the manuscript. 
Every sheet of the manuscript should be fe ome 

Style, arrangement, spelling, and abbreviations should conform to the2u of 
this journal. Names of all simple compounds, rather than their formulas, should be 
used in the text. Greek letters or unusual signs should be written plainly or explained 
by marginal notes. Superscripts and subscripts must be legibie and carefully placed. 

Manuscripts should be carefully checked before they are submitted; authors will 
be charged for changes made in the proof that are considered excessive. 

(ii) Abstract. An abstract of not more than about 200 words, indicating the 
scope of the work and the principal findings, is required, except in Notes. 

Gi) References. References should be listed alphabetically by authors’ 
names, numbered, and typed after the text. The form of the citations should be 
that used in this journal; in references to papers yt pm may titles should not 
be given and only initial page numbers are required. citations should be checked 
with the iginal articles and each one ref to in the text by the key number. 

(iv) T . Tables should be numbered in roman numerals and each table 
referred to in the text. Titles should always be given but should be brief; column 
headings should be brief and descriptive matter in the tables confined to a minimum. 
Vertical rules should be used only when they are essential. Numerous small tables 
should be avoided. 


Illustrations 

(i) General. All figures (including won ogee of the plates) should be num- 
- bered consecutively from 1 up, in arabic nu , and each figure referred to in the 
text. The author's name, title of the paper, and figure number should be written in 
the lower left corner of the sheets on which the illustrations appear. Captions should 
not be written on the illustrations (see Manuscripts (i)). 

(ii) Line Drawings. Drawings should be carefully made with India ink on 
white drawing paper, blue tracing linen, or co-ordinate paper ruled in blue only; 
any co-ordinate lines that are to appear in the reproduction should be ruled in black 
ink. Pa ruled in green, yellow, or red should not be used unless it is desired to 
have the co-ordinate lines show. All lines should be of sufficient thickness to 
reproduce well. Decimal points, periods, and stippled dots should be solid black 
circles large enough to be reduced if n . Letters and numerals should be 
neatly made, preferably with a stencil (do NOT use typewriting) and be of such 
size that the smallest lettering will be not less than 1 mm. high when reproduced 
in a cut 3 in. wide. 

Many drawings are made too large; ~~ should not be more than 2 or 3 
times the size of the desired reproduction. In large drawings or groups of drawings 
the ratio of height to width should conform to that of a journal page but the height 
should be adjusted to make allowance for the caption. 

The original drawings and one set of clear copies (e.g. small photographs) 
are to be submitted. ; 

(iii) Photographs. Prints should be made on glossy paper, with strong con- 
trasts. They should be trimmed so that essential features only are shown and mounted 
carefully, with rubber cement, on white cardboard with no space or only a very small 
space (less than 1 mm.) between them. In mounting, full use of the space available 
should be made (to reduce the number of cuts required) and the ratio of height 


to width should poe to that of a journal page (43 X 7} in.); however, 


allowance must be e for the captions. Photographs or groups of photographs 
should not be more than 2 or 3 times the size of the desired reproduction. 

Photographs are to be submitted in duplicate; if they are to be reproduced 
in groups one set should be mounted, the duplicate set unmounted. 


Reprints 

A total of 50 reprints of each paper, without covers, are supplied free. Additional 
reprints, with or without covers, may be purchased. 

Charges for reprints are based on the number of printed pages, which may be 
calculated approximately by ar by 0.6 the number of manuscript pages 
(double-spaced typewritten sheets, 8} X 11 in.) and including the space occupied 
by illustrations. An additional charge is made for illustrations that appear as coated 
inserts. The cost per page is given on the reprint requisition which accompanies the 

lley. 

“i reprints required in addition to those requested on the author’s reprint 
uisition form must be ordered officially as soon as the paper has been accepted for 
publication. 





Contents 


Sedimentation and Viscosity Studies of Bovine Serum Albumin 
in Urea Solution—P. A. Charlwood - - - - - - - = = 


Internal Rotation. VIII. The Infrared and Raman Spectra of 
Furfural—G. Allen and H. J. Bernstein - - - - - - - = 


The Photolysis of Methyl Ethyl Ketone—P. Ausloos and E. W. R. 
Steacie - 


The Structure and Properties of pi-1,2- -O-Cycishenylidenagly- 
cerol—A. J. E. Porck and B. M. Craig - 


eee of Xylose from Wheat Straw Hemicellulose— 


Bishop- - ---+-+-+-++-+-++-++ee-5 


Frequency Spectra of Free Lattices and Particle Size Effects on the 
Heat Capacity of Solids—D. Patterson - - - - - - - = 


The Bagredeies of Carrageenin. II. Influence of Further Varia- 
bles—C. R. Masson, D. Santry, and G. W. Caines - ee 


Sulphated Derivatives of Laminarin—A. N. O’Neill - - - - - 


Carbohydrate Thioethers. I. 6-Deoxy-6-thioethyl-p-galactose— 
Samuel B. Baker ad ad ad - = = - al > = - ° - a - 


Geometrical Corrections to the Bragg-Gray Relation Applied to 
Absolute Chemical Dosimetry—P. J. Dyne - -- 


A Synthesis of p-Tagatose from p-Galacturonic Acid— 
P. A. J. Gorin, J. K. N. Jones, and W.W. Reid - - - - - 


The Synthesis of D,L-Serine by Selective Reduction of N-substi- 
tuted Aminomalonic and Cyanoacetic Esters — 
Louis Berlinguet - - - - - + -+-+e+e*s2 © © = «= 


Benzyl! 2-Chloroethyl Ethers—Marshall Kulka and F. G. Van Stryk 
Intensity in the Raman Effect. III. The Effect of Deuterium 


Substitution on the Intensity of Raman Bands of Benzene— 
G. Allen and H. J. Bernstein - - - - - - - = + = = 


Light Absorption Studies. Part I. Ultraviolet Absorption ae Boece 
of Substituted Acetophenones—W. F. Forbes and W. A 


Growth Rates of —) o 3° x Buckley of  Behyfene Diamine Tartrate— 
A. H. Booth and 


The Effect of Boric Acid on the Growth of Ethylene Diamine 
Tartrate Crystals—A. H. Booth and H. E. Buckley - - - - 


Steroids. III. The Epimeric N-acetyl-3-aminocholest-4- and 
-5-enes—R. A. B. Bannard and A. F. McKay - - - - - - 


The Infrared and Raman Spectra of cis and trans Dibromoethylene, 
Tribromoethylene, and an Application of the Frequency Sum 
Rule—J. C.-Evans and H. J. teim - - - +--+ -+ - = 


The Synthesis of Ethanolamine-1-C'—D. E. Douglas and Anne 
Mary Burditt - - - - +--+ - - 


A Self Pumping we ercury Electrode for Use with Stirred 
Solutions—D. 


Printed in Canada by University of Toronto Press 








